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Applications  of  low  pressure  glow  discharge  (GD)  sources  are  well  documented 
for  spectrochemical  analysis  of  solids  as  well  as  liquids.  Although  these  sources  are 
extremely  useful  for  chemical  analysis  by  atomic  emission  spectroscopy,  the  emission 
intensity  output  is  rather  limited  relative  to  other  atomic  emission  sources. 

There  have  been  numerous  efforts  to  boost  the  emission  signal  fi"om  GD  sources. 
In  this  dissertation,  three  magnetically-enhanced  GD  sources  were  designed  and  evaluated 
with  respect  to  their  spectroscopic  characteristics.  In  all  three  designs,  the  source  volume 
was  limited  to  less  than  100  mL  in  order  to  minimize  the  dilution  of  atomic  vapor  of  the 
sputtered  analytes. 

A  microcavity  hollow  cathode  discharge  (MCHCD)  was  influenced  by  applying  a 
magnetic  field  using  an  electromagnet.  The  emission  intensities  of  copper,  aluminum  and 


magnesium  were  found  to  increase  with  increasing  magnetic  field  strength,  reaching  a 
maximum  for  each  analytical  line.  The  attainment  of  the  maxima  was  attributed  to  the 
increase  in  the  electron  temperature  and  radial  difiiision  of  electrons  with  increasing 
magnetic  field  strength. 

A  compact  cylindrical  magnetron  MCHCD  was  designed  using  permanent 
magnets.  An  enhancement  up  to  a  factor  of  three  was  observed  for  magnesium  atomic 
emission.  The  enhancement  factor  of  the  atomic  emission  in  the  presence  of  the  magnetic 
field  was  found  to  be  linearly  dependent  on  reduction  in  the  ambipolar  difiiision  coefficient 
at  lower  pressures. 

A  planar  magnetron  GD  source  with  a  chamber  volume  of  about  60  mL  was 
designed  and  evaluated  for  the  analysis  of  less  than  a  microliter  of  aqueous  samples.  Limits 
of  detection  for  magnesium,  silver,  boron,  europium  and  copper  ranged  fi^om  3  to  40  times 
lower  than  the  source  without  the  magnetic  field  when  the  measurements  were  made 
under  the  compromised  discharge  conditions  for  each  type  of  source.  The  improved 
detection  limits  for  the  magnetically-boosted  GD  source  was  attributed  to  the  increased 
current  density  of  the  discharge  due  to  the  formation  of  a  plasma  ring  in  the  presence  of 
the  magnetic  field.  Finally,  the  magnetically-enhanced  planar  cathode  GD  source  for 
simultaneous  multi-elemental  analysis  of  discrete  aqueous  samples  was  shown  to  be  more 
sensitive  than  the  discharge  without  the  magnetic  field. 
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CHAPTER  1 
INTRODUCTION 

Glow  Discharges  in  Analytical  Chemistry 

Glow  discharges  have  been  used  for  many  years  for  fundamental  spectroscopic 
studies;  they  have  also  been  used  extensively  for  analytical  applications  in  atomic  emission 
spectroscopy  (AES)'"^,  atomic  absorption  spectroscopy  (AAS)/'*  atomic  fluorescence 
spectroscopy  (AFS)^''and  resonance  ionization.  *'*  More  recently,  glow  discharge  sources 
have  also  served  as  ion  sources  in  glow  discharge  mass  spectroscopy  (GDMS)/'"'* 

The  glow  discharge  devices  are  reduced  pressure  (1-10  torr),  inert  atmosphere 
discharges  formed  between  two  electrodes.  When  a  high  electrical  potential  (300-1000  V) 
is  applied  between  a  cathode  and  an  anode,  a  breakdown  of  the  enclosed  gas  results, 
forming  positively  charged  ions  and  electrons.  A  schematic  of  a  typical  glow  discharge  is 
shown  in  Figure  1-1.  In  analytical  applications  of  a  glow  discharge,  a  solid  sample  is 
usually  used  as  the  cathode.  If  the  sample  is  a  liquid  solution,  it  is  deposited  on  the 
cathode  surface  and  its  dry  residue  is  analyzed. 

Low  pressure  glow  discharges  have  several  advantages  over  atmospheric  pressure 
electrical  discharges  such  as  arc  and  inductively  coupled  plasmas.  First,  inert  atmosphere 
of  a  glow  discharge  minimizes  molecular  gases  from  entering  into  the  discharge. 


Figure  1-1  :  Schematic  diagram  of  a  simple  glow  discharge. 
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Consequently,  the  spectral  and  chemical  interferences  from  these  molecular  gases  is 
greatly  reduced.'^  Second,  glow  discharges  are  operated  at  lower  currents  which  help  to 
emit  sharp  spectral  lines  with  lower  background  radiation.^'*  Sharp  spectral  lines  are 
particularly  desirable  in  order  to  reduce  the  spectral  interferences.  Third,  atomization  in  a 
glow  discharge  is  governed  by  a  sputtering  process.  As  a  result,  analyte  along  with  its 
matrix  is  volatilized  simultaneously  making  these  discharges  less  prone  to  matrix 
interferences.^'  Fourth,  unlike  the  atmospheric  electrical  discharges,  glow  discharges  do 
not  attain  local  thermodynamic  equilibrium  (LTE).  As  a  result,  self-absorption  is  greatly 
reduced  in  case  of  a  glow  discharge.^^  The  reduction  in  self-absorption  causes  improved 
sensitivity  of  these  sources  in  analytical  atomic  spectroscopy.  Finally,  glow  discharge 
sources  are  quite  suitable  for  a  wide  variety  of  sample  analyses.  Conducting  solid  samples 
are  directly  analyzed  without  a  need  for  their  dissolution,  and  nonconducting  samples  can 
be  made  conducting  by  mixing  the  samples  with  a  conducting  matrix  such  as  fine  copper 
powder.  Recently,  Marcus  and  coworkers  extensively  studied  a  radiofrequency  based 
glow  discharge  source  for  the  direct  analysis  of  non-conducting  solid  samples.^'*"^*  Further, 
these  discharges  are  very  useful  for  the  analysis  of  the  samples  which  are  available  in 
limited  quantities,  as  is  often  the  case  with  biological  or  forensic  samples;  this  occurs 
because  glow  discharge  sources  do  not  require  much  sample  preparation,  and  thus  can  be 
used  to  directly  analyze  small  volume  liquid  samples.^^^'  Nonmetals,  which  are 
challenging  to  other  excitation  sources  can  be  easily  measured  by  glow  discharge  sources 
owing  to  their  higher  excitation  efficiencies.^^ 

Despite  these  analytical  potentials  of  glow  discharge  sources,  they  have  not  gained 
wide  popularity  with  the  exception  of  hollow  cathode  lamps,  a  type  of  glow  discharge. 


which  is  most  commonly  employed  in  AAS  and  AFS.  One  of  the  factors  hampering  a 
wider  acceptance  of  this  source  in  atomic  emission  spectroscopy  could  be  the  somewhat 
limited  emission  intensity  output  achievable  when  the  discharge  is  operated  under 
conditions  which  fiilly  preserve  its  basic  merits.  The  most  recent  trends  in  research  on 
glow  discharge  sources  in  atomic  spectroscopy  is  towards  improving  upon  the  emission 
intensity  output  in  AES  and  to  increase  the  atomic  population  of  analytes  in  AAS  and 
AFS." 

Historical  Development 
The  first  observations  of  phenomena  in  a  glow  discharge  date  back  to  the 
nineteenth  century.  The  names  of  Hittorf,  Geissler  and  Crookes  are  well  known  to  plasma 
physicists.  A  milestone  in  the  evolution  and  development  of  low  pressure  discharges  was 
reached  by  Paschen  who  constructed  the  Geissler  tube.^"*  He  was  able  to  study  the 
structure  of  the  helium  spectrum  thoroughly  and  found  that  his  results  agreed  well  with 
Bohr's  theory.  In  1929,  Schuler''  investigated  hyperfine  structures  and  later  found 
applications  of  hollow  cathode  glow  discharge  sources  for  the  analysis  of  small  samples. 
Later  on,  Frerichs  and  Takahashi"  clarified  the  mechanism  of  some  basic  processes 
leading  to  excitation  in  glow  discharges.  Sawyer'*  added  to  the  knowledge  of  glow 
discharges.  In  1947,  McNally  et  al.  '^  recognized  the  analytical  potential  of  glow  discharge 
for  the  application  of  halogen  determination,  after  which  there  was  a  revival  of  interest.  A 
considerable  amount  of  research  was  focused  on  the  subject  until  1955  when  Walsh""^  and 
Alkemade  and  Milatz"*'  recognized  the  usefijlness  of  HCD  as  an  excellent  source  for  AAS. 
After  success  with  HCD  as  a  light  source,  AAS  dominated  atomic  spectroscopy  for  trace 
^  ,^  analysis  with  the  main  focus  being  on  improvement  of  the  sealed  hollow  cathode  lamps. 


Until  this  time,  the  glow  discharge  was  not  conceived  as  a  technique  for  trace  analysis  in 
AES.  This  is  mainly  attributed  to  the  stringent  need  for  a  pair  of  demountable  electrodes, 
which  serve  as  the  analytical  sample  in  solids  analysis.  Interconnection  of  the  electrodes  to 
the  glow  discharge  chamber  to  obtain  proper  vacuum  conditions  is  often  time  consuming 
and  thus  impractical  for  routine  analysis.  Despite  these  impracticalities,  glow  discharge 

sources  were  quite  popular  for  trace  analysis  by  AES  in  the  former  USSR.  In  1968, 

1  ^■ 

Gnmm  developed  a  glow  discharge  source  for  the  analysis  of  both  conducting  and  non- 
conducting samples.  By  the  time  glow  discharge  sources  were  capturing  the  interest  of 
analytical  atomic  spectroscopists,  other  electrical  discharges  were  being  developed  rapidly 
because  of  their  high  sensitivities  even  though  the  latter  sources  were  relatively  expensive, 
for  example,  the  inductively  coupled  plasma.  This  compitition  fi-om  other  discharges 
resuhed  in  a  declining  interest  in  glow  discharge  sources  for  atomic  emission  spectroscopy 
in  the  1960s  and  1970s.  However,  in  the  1980  and  1990s,  increased  interest  in  glow 
discharges  in  atomic  and  mass  spectrometry  was  rekindled.  For  example,  Winefordner's 
group  investigated  the  application  of  a  glow  discharge  source  as  an  ideal  atom  reservoir  in 
1994.  A  miniature  glow  discharge  source  was  designed  in  this  laboratory  for  the 
measurements  of  rare  earth  elements  and  limits  of  detection  up  to  the  attogram  range  were 
approached  by  laser  excited  atomic  fluorescence  glow  discharge  spectroscopy. ""^ 
Throughout  these  years  of  research  efforts,  it  is  now  believed  that  glow  discharge  is  a 
source  capable  of  single  atom  detection."*^ 


Boosted  Glow  Discharge  Sources  in  AES 

As  stated  in  the  previous  sections,  the  intensity  output  of  a  glow  discharge  source 
for  atomic  emission  studies  is  limited  when  it  is  to  be  used  for  trace  elemental  analysis. 
Major  efforts  have  been  recently  afforded  to  the  development  of  the  techniques  which 
enhance  the  atomic  emission  intensity.  These  techniques  are  known  as  boosted-glow 
discharge  techniques.  The  two  main  approaches  to  boost  the  analytical  atomic  emission 
signal  are  either  by  modifying  the  geometry  of  glow  discharge  source  or  by  applying  an 
external  source  where  the  interaction  of  an  external  field  on  these  discharges  result  in 
enhancement  in  the  emission  intensity.  The  latter  are  commonly  known  as  operation- 
modified  glow  discharge  sources. 

In  geometry  modified  glow  discharges,  the  diameter  of  the  hollow  cathode  is 
reduced  to  less  than  2  mm.  It  was  observed  by  Czakow'*'*  that  the  emission  intensity  is 
inversely  proportional  to  the  diameter  of  the  hollow  cathode  glow  discharge.  This  type  of 
glow  discharge  is  referred  to  as  a  microcavity  hollow  cathode  (MCHC)  glow  discharge. 
An  empirical  relation  between  the  atomic  emission  intensity  and  the  diameter  of  the  hollow 
cathode  is  given  by  the  following  equation:'*' 

Ixd  =  k  (1-1) 

where  /  is  the  intensity  of  the  emitted  radiation,  d  is  the  diameter  of  the  hollow  cathode 
and  ^  is  a  constant. 

The  enhancement  in  intensity  of  the  emission  line  fi-om  a  MCHC  is  attributed  to  the 
increase  in  atomic  vapor  concentration  of  the  analyte  atoms.  The  advantage  of  MCHC  is 
its  lower  cathodic  consumption  and  thus  longer  lifetime  of  the  cathode.  Recently,  this 


discharge  has  been  shown  to  be  an  excellent  atomic  emission  source  for  simultaneous 
multi-elemental  analysis  of  nanoliter  volumes  of  discrete  samples  with  the  detection  limits 
ranging  from  sub-picograms  to  femtograms.'^  In  another  application  of  MCHC,  renal 
fluids  were  analyzed  for  biologically  important  elements  such  as  sodium,  potassium,  etc/^ 

Other  geometry-modified  HCD  for  emission  intensity  boosting  have  been 
investigated.  These  are  conical  bottom,'**  spherical  bottom,*'  stepwise  variable  inner 
cavity,  etc.  The  concept  behind  these  geometry-modified  glow  discharges  is  to  increase 
the  stability  of  the  glow  discharge. 

In  the  operation-modified  glow  discharge  sources,  various  types  of  external  fields 
have  been  used  for  boosting  the  emission  intensity.  Another  approach  to  enhance  the 
emission  intensity  has  been  by  superimposing  a  microwave  discharge  on  the  glow 
discharge  in  which  the  ground  state  atomic  population  in  conventional  glow  discharge 
sources  was  fiirther  excited  by  applying  the  microwave  discharge  as  a  supplementary 
source.  "  Caroli  et  al.''*  have  successfijlly  shown  the  application  of  the  microwave- 
boosted  HCD  for  the  analysis  of  sediment  residue. 

The  emission  intensity  of  an  analyte  in  a  glow  discharge  is  proportional  to  the 
applied  discharge  current.  When  the  d.  c.  current  is  replaced  by  a  current  pulse,  a 
noticeable  improvement  in  the  spectral  intensity  was  reported  since  higher  current 
amplitudes  can  be  applied  without  overheating  the  cathode."  Overheating  of  the  cathode 
results  in  thermal  atomization  of  the  cathodic  material  resuhing  in  self-absorbed  emission 
lines. 

Even  though  higher  emission  intensities  are  attainable  with  a  pulsed  glow 
discharge,  it  partly  suffers  from  the  self-reversal  process.  Famsworth  and  Walters^* 


employed  a  capacitively  coupled  radiofrequency-boosted  hollow  cathode  discharge  for 
AES.  A  radiofrequency  vohage  burst  was  followed  by  each  current  pulse;  in  this  way,  the 
unexcited  atoms  during  the  current  pulse  were  fully  excited  by  the  subsequent 
radiofrequency  burst.  Intensity  enhancement  up  to  three  orders  of  magnitude  was  attained 
without  sacrificing  the  sharpness  of  the  spectral  lines. 

A  secondary  discharge  of  high  current  density  was  placed  between  the  cathode  and 
the  anode  by  Van  Gelder.''  This  configuration  is  termed  as  an  auxiliary  discharge  boosted 
glow  discharge.  One  of  the  excitation  processes  is  by  collisions  between  electrons  and 
atoms.  This  approach  results  in  an  increase  in  the  electron  density  in  the  vicinity  of  the 
cathode  which  in  turn  results  in  higher  excitation  of  the  analyte  atoms  giving  rise  to 
increased  intensity  of  the  atomic  emission. 

A  high  rate  of  sample  vaporization  can  be  obtained  using  a  tubular  graphite  furnace 
as  a  hollow  cathode.  The  furnace  is  heated  at  a  rate  of  up  to  2000  K  s"\  thus  forming  an 
instantaneous  atomic  cloud.  Since  the  furnace  also  acts  as  a  cathode,  the  analyte  atoms 
experience  excitation  as  in  conventional  glow  discharge  with  the  added  advantage  of  a 
higher  emission  intensity.  This  technique  known  as  Furnace  Atomic  Non-thermal 
Excitation  Spectrometry  (FANES),  was  developed  by  Falk**  and  coworkers. 

Banks  et  al.  '  designed  a  glow  discharge  device  in  which  the  flow  of  the  fill  gas 
was  directed  onto  the  sample  cathode  surface  through  six  channels.  This  device  is  known 
as  a  jet-assisted  glow  discharge.  Atomic  emission  intensity  enhancement  up  to  a  factor  of 
three  over  the  situation  with  no  flow  was  reported. 

There  have  been  various  attempts  by  different  researchers  for  intensity 
enhancement  by  applying  magnetic  field  to  the  glow  discharge  sources.  The  superposition 
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of  magnetic  field  was  accomplished  by  applying  the  magnetic  field  either  parallel  or 
perpendicular  to  the  cathode  axis.  In  each  case,  the  electron  residence  time  was  lengthened 
resulting  in  more  atoms  being  excited  and  giving  higher  emission  intensities.*'  This 
intensity  enhancement  technique  is  presented  in  detail  in  Chapter  3. 

In  all  of  the  above  boosting  methods,  compromises  are  made  to  obtain  the  highest 
enhancement  factor  for  atomic  emission.  Some  these  factors,  which  are  traded-oflf, 
include,  instrumentation  complexity  against  analytical  sensitivity,  cost  of  instrument  versus 
sensitivity,  etc.  Thus  far,  no  ideal  boosting  technique  has  been  developed,  which  fiirther 
warrants  the  investigations  in  this  area  to  consolidate  and  expand  all  the  analytical 
capabilities  of  boosted  glow  discharge  sources  for  atomic  emission  spectroscopy. 


CHAPTER  2 
PRINCIPLES  OF  OPERATION  OF  GLOW  DISCHARGE 

General  Description  and  Properties 

Stability  and  type  of  a  low  pressure  electric  discharge  is  dependent  on  the  voltage 

and  the  current  attained  by  the  discharge.  At  the  breakdown  potential  Vb  of  the  enclosed 

gas,  a  very  low  current  (<  10"*  A)    flows  between  the  electrodes  and  this  discharge  is 

known  as  Townsend  discharge  shown  in  Figure  2-1.  Electrons  emitted  by  the  cathode 

move  to  the  anode,  and  during  this  passage  they  produce  positive  ions  which  are  attracted  ■* 

to  the  cathode.  In  a  Townsend  discharge,  there  is  a  steady-state  relationship  between  ,. 

positive  ions  formed  and  the  discharge  current.  This  discharge  is  entirely  dependent  upon 

the  external  ionization  source  (the  applied  voltage)  and  extinguishes  upon  the  removal  of 

electrical  potential  to  the  electrodes.*^  In  other  words,  the  Townsend  discharge  is  not  a 

self-sustaining  discharge.  Townsend  discharge  is  followed  by  a  transition  region,  leading 

to  the  normal  glow  discharge  where  the  vohage  remains  constant  as  the  current  is  fiirther 

changed.  In  the  normal  glow  discharge,  although  the  current  is  increased  the  current 

density  remains  constant  since  the  area  covered  by  this  discharge  increases  proportionately 

with  current.  After  the  cathode  area  is  fully  covered,  further  increase  in  current  requires  a 

greater  cathode  emission  which  is  possible  with  increasing  cathode  potential,  giving  the 

abnormal  glow  discharge.  On  still  further  increasing  the  current,  the  cathode  gets  so  hot 

that  thermionic  emission  from  the  cathode  takes  place.  Consequently,  there  is  no  further 

rise  in  voltage  with  increasing  current  since  secondary  electron  emission  is  supplemented 
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by  thermionic  emission,  resulting  in  the  arc  discharge. 

To  analytical  spectroscopists,  the  abnormal  glow  discharge  or  simply  glow 
discharge,  is  of  importance  since  the  current  attained  by  this  discharge  is  sufficient  to 
produce  atoms  from  the  analytical  sample,  as  will  be  explained  in  the  subsequent  sections. 
The  glow  discharge  is  characterized  by  the  existence  of  eight  different  spatial  regions  as 
shown  in  Figure  2-2.*^  Electrons  emitted  from  the  cathode  are  driven  to  the  anode  by  the 
electric  field.  Before  reaching  the  anode,  electrons  cause  ionization  and  excitation  of  the 
fill  gas  atoms  depending  on  the  energy  associated  with  the  electron  at  each  point  of  the 
electron  pathway  to  the  anode.  Near  the  cathode  surface,  electrons  are  accelerated  in  a 
strong  field  executing  very  few  ionizing  collisions  in  their  initial  acceleration  stages  due  to 
the  low  energy  attained.  As  electrons  move  farther  from  the  cathode  where  the  electric 
field  is  weaker,  they  are  now  more  energetic  facilitating  more  ionization  of  the  atoms  with 
simultaneous  electron  multiplication.  The  two  regions  observed  as  a  consequence  of  these 
processes  are  known  as  the  Aston  dark  space  and  the  cathode  layer,  respectively.  Still 
farther  from  the  cathode,  the  electric  field  becomes  even  weaker,  the  electrons  which  did 
not  dissipate  their  energy  in  the  preceding  regions  now  have  higher  kinetic  energy  giving 
more  ionization  of  the  atoms.  This  effect  forms  a  distinct  region  known  as  the  cathode 
dark  space  (CDS),  also  sometimes  referred  to  as  the  Crooke's  or  Hittorf  s  dark  space.  The 
CDS  carries  the  entire  cathode  potential  fall  of  the  discharge.*''  A  fraction  of  the  electron 
population  escaping  from  the  CDS  enters  the  brightest  zone  called  the  negative  glow. 
Between  the  cathode  and  the  negative  glow  boundary,  the  number  of  electrons  have 
increased  through  multiplication  and  have  created  a  large  number  of  positive  ions 
developing  a  positive  space  charge.  These  positive  ions,  as  well  as  the  metastable  and 


»— 


i  v^' 


00 


O 
•a 


c 
o 

•5b 
<u 

3 
O 

> 

I 

a 

§) 


:^ 


17 

unexcited  atoms,  strike  the  cathode  surface  producing  secondary  electrons  which  are 
helpful  in  sustaining  the  discharge. 

There  are  two  main  groups  of  electrons  that  enter  the  negative  glow:  (i)  fast 
electrons,     which  retain  their  energy,  and  (ii)  slow  electrons,  which  are  low  energy 
electrons  produced  in  the  CDS  having  lost  some  of  their  energy  due  to  inelastic  collisions 
with  discharge  particles.  The  energy  of  the  slow  electrons  is  insufficient  to  cause 
ionization  of  the  fill  gas  atoms  but  their  energy  is  enough  to  excite  these  atoms  upon 
collision.  The  excited  atoms  cause  the  appearance  of  a  characteristic  negative  glow.  On 
the  other  hand,  the  fast  electrons  penetrate  the  negative  glow  causing  more  ionization,  and 
their  energy  is  dissipated  with  the  distance  they  travel  through  the  negative  glow.  As  the 
fast  electrons  exit  the  negative  glow,  they  undergo  recombination  with  positive  ions. 
However,  farther  fi-om  the  cathode  and  after  the  negative  glow  region,  the  field  rises 
slowly,  lowering  the  probability  of  recombination,  resuhing  in  the  Faraday  dark  space. 
Electrons,  pulled  out  of  the  negative  glow  by  this  relatively  weak  field,  may  gain  sufficient 
energy  to  excite  and  ionize  atoms.  At  this  point,  the  positive  column  is  developed.  After 
leaving  the  positive  column,  electrons  are  attracted  to  the  anode  while  positive  ions  are 
repelled  by  the  anode;  consequently,  a  negative  space  charged  is  generated,  forming  the 
anode  fall.  Electrons  moving  through  the  anode  fall  gain  energy  as  they  are  accelerated. 
These  energized  electrons  have  sufficient  energy  to  excite  and  ionize  gas  atoms  near  the 
anode  giving  an  anode  glow.  Of  all  these  regions,  the  negative  glow  has  the  highest 
emission  intensity  as  depicted  in  Figure  2-2  and  the  negative  glow  is  characteristic  of  the 
cathodic  material  (or  substance  present  on  the  cathode  surface).  In  other  words,  the 
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negative  glow  directly  gives  spectrochemical  information  about  the  cathode.  Advantage  of 
this  fact  is  taken  in  atomic  spectroscopy.  In  atomic  emission  spectroscopy,  one  measures 
the  emission  from  the  negative  glow,  whereas  in  atomic  fluorescence  spectroscopy  the 
negative  glow  is  irradiated  by  an  external  line  source  such  as  a  hollow  cathode  lamp  or  a 
laser  and  the  atoms  contained  in  the  negative  glow  are  excited  to  a  higher  energy  level.  On 
radiative  de-excitation,  the  fluorescence  is  measured.  Similarly,  a  light  passing  through  the 
negative  glow  is  absorbed  by  atoms  in  the  negative  glow.  The  fi^action  of  the  light 
absorbed  is  measured  in  atomic  absorption  spectroscopy.  The  negative  glow  also 
possesses  ions  fi"om  the  cathode,  which  may  be  collected  by  a  mass  spectrometer  in  glow 
discharge  mass  spectroscopy. 

Cathodic  Sputtering 
Atomization  in  a  glow  discharge  is  by  a  nonthermal  process  known  as  sputtering. 
When  a  positive  ion  strikes  the  cathode  (analytical  sample),  the  following  processes  are 
possible:  (i)  implantation  of  ions  into  the  cathode;  (ii)  reflection  of  ions  from  the  surface  of 
the  cathode,  leading  to  recombination  or  loss  of  ion  energy;  (iii)  ejection  of  electrons  from 
the  cathode  surface,  in  order  to  sustain  the  glow  discharge;  and  (iv)  ejection  of  the  atoms 
from  the  cathode,  which  is  sputtering  of  the  cathodic  material.  Figure  2-3  represents  the 
sputtering  process.  The  atomic  cloud  formed  as  a  result  of  sputtering  is  representative  of 
the  bulk  of  the  cathode.  Less  than  0.8  %  of  the  sample  is  thermally  vaporized,  while  nearly 
all  of  the  atomization  in  a  glow  discharge  is  by  sputtering.*' 


u., 


f  \  .  .. 


^ 


Primary       v]v 
Ion 


Cathode 


Sputtered  Particle 
(ion  or  neutral) 


Implanted 
Ion 


Escape  Depth 
(3-4  A  ^ 


Primary  Ion 
Penetration  Depth 


Sputtering  is  a  direct  result  of  the  process  when  an  energetic  specie  imparts  its 
kinetic  energy  to  the  surface  atoms  of  the  cathode  through  elastic  collisions.  The 
bombarding  species  loses  its  energy  to  atoms  in  its  vicinity  producing  what  is  known  as  a 
coUisional  cascade.**'*'  An  atomic  specie  is  ejected  when  the  energy  released  in  the 
coUisional  cascade  is  greater  than  the  surface  binding  energy  of  the  cathode;  the  ejected 
particles  are  transformed  into  gas  phase.  The  minimum  energy  required  to  eject  atoms  ■<: 
from  the  cathode  is  referred  to  as  the  sputtering  threshold,  which  is  usually  of  the  same 
magnitude  as  the  heat  of  sublimation  of  the  cathodic  material  and  usually  four  times  the  -*• 
binding  energy  of  the  cathode.**  The  sputtering  threshold  is  dependent  on  the  nature  of  the 
target  material  and  also  on  the  fill  gas  employed  in  the  discharge  device.  In  addition  to 
atoms,  sputtering  also  produces  secondary  electrons,  ions  (positive  and  negative),  photons 
and  atom  clusters  from  the  cathode  surface.  Over  90  %  of  the  sputtered  particles  are 
ground  state  neutral  atoms.* 

An  empirical  parameter  characterizing  the  sputtering  process  is  the  sputtering  jdeld 
or  sputtering  efficiency,  which  is  defined  as  the  number  of  the  atoms  ejected  per  incident 
ion.  In  practice,  the  sputter  yield,  S,  is  expressed  as:*' 

where  W  is  the  weight  of  the  sample  (cathode)  lost  (g),  A^  is  the  Avogadro's  number 
(mole"'),  e  is  the  electron  charge  (C),  Mis  the  atomic  mass  of  the  target  material  (g),  i*  is 
the  ion  current  (A)  and  t  is  the  sputtering  time  (s). 
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The  ion  current  is  related  to  the  discharge  current  /  as  follows: 

'^^V—  (2-2) 

where  y  is  the  number  of  electrons  released  per  incident  ion,  and  it  is  approximately  0. 1 
for  argon,  the  fill  gas  most  commonly  used  in  the  glow  discharge  devices. 

The  factors  which  contribute  to  the  sputtering  yield  are  the  energy  of  the  incident 
ion,  angle  of  incidence,  type  of  the  fill  gas,  and  the  nature  of  the  target  material.  A 
complete  expression  showing  the  relationship  between  all  these  factors  is  given  below:*' 

■'  •  '-.  .  *  ''■" '       '■ 

S=        '"^""'^  .      (2-3)       ..     . 

TtUnii+mtrUQ  :     -  '■■•  \  'y  _ 

In  this  equation,  E  is  the  energy  of  the  incident  ion  (eV),  tw,  and  nit  are  the  masses  of  the 
incident  ion  and  the  target  atom  (g),  respectively,  Uo  represents  the  surface  binding  energy   ''     '  ''^ 
(eV)  and  eris  a  monotonically  increasing  function  of  the  ratio  /w//w,  and  is  equal  to  0.17  if 
the  ratio  is  0. 1  and  increases  to  1 .4  for  /w//w,  =  10. 

The  sputtering  yield  increases  linearly  with  energy  of  the  incident  ion  once  the 
sputtering  threshold  is  attained  by  the  bombarding  ion.  The  energy  of  the  incident  ion  is 
determined  by  the  external  applied  voltage.  Thus,  the  higher  the  applied  voltage,  the 
higher  is  the  incident  ion  energy.  Usually,  the  ion  energy  is  considered  equal  to  the  applied 
voltage.  At  a  very  high  energy  of  the  incident  particle  on  the  cathode  surface,  the  particle 
is  implanted  so  deeply  into  the  cathode  lattice  that  it  loses  all  its  energy  in  the  lattice 
without  resuhing  in  sputtering.  The  sputtering  yield  is  also  dependent  on  the  masses  of  the 
incident  ion  and  the  target  atom.  A  fill  gas  with  higher  mass  is  preferred  to  get  efficient 
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sputtering.  Xenon  would  thus  give  the  highest  sputtering  efficiency;  however,  owing  to  its 
exorbitant  cost,  argon  is  preferred  as  a  fill  gas.  .   .  , 

The  sputtering  yield  tends  to  vary  only  slightly  with  target  temperature,  but  rises 
sharply  when  the  temperature  of  the  cathode  nears  its  vaporization  point.  At  low 
bombarding  energies,  the  sputter  yield  decreases  with  increasing  target  temperature.  This 
is  due  to  annealing  of  the  surface  species  producing  more  strongly  bound  atoms.**  Because 
of  continuous  sputtering  of  the  cathode,  it  tends  to  get  hot  which  results  in  inefficient 
sputtering.  For  this  reason,  the  cathode  is  often  cooled  in  a  glow  discharge  device. 

The  gas  pressure  also  has  a  tremendous  effect  on  the  sputtering  yield.  At  higher 
gas  pressures,  the  sputtered  atoms  do  not  diffuse  away  from  the  cathode  due  to  their 
shorter  mean  free  path  at  these  pressures.  Consequently,  the  sputtered  atoms  difiuse  back 
to  the  cathode,  thus  giving  less  target  material  loss.  It  has  been  estimated  that  90  to  95% 
of  the  sputtered  atoms  redeposit  in  glow  discharge  sputtering.™  The  secondary  electrons 
generated  during  the  sputtering  process  recombine  with  the  incident  ions  resulting  in  an 
inefficient  sputtering.  Also,  if  the  sputtered  species  ejected  from  the  cathode  is  a  positive 
ion,  it  is  attracted  back  to  the  negatively  charged  cathode,  resulting  in  lower  values  of 
sputtering  yield.  A  detailed  review  of  the  glow  discharge  sputtering  can  be  found  in  the 
literature.''-". 

Ionization  and  Excitation  Processes 

Collisional  processes  are  responsible  for  the  formation  of  ionized  and  excited 
species  observed  in  a  glow  discharge  operated  at  a  typical  pressure  of  the  fill  gas.  The  two 
main  types  of  collisions  in  a  glow  discharge  are  elastic  and  inelastic  collisions.  Penning'^ 
proposed  a  series  of  collisional  processes  as  shown  in  Figure  2-4.  Of  all  these  interactions. 
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only  a  few  are  significant  with  respect  to  ionization  and  excitation  in  the  glow  discharge. 
The  two  primary  processes  responsible  for  ionization  and  excitation  are  summarized  in 
Table  2-1. 

Collisions  with  electrons.  Based  on  the  energy  associated  with  the  electrons  and 
their  origin,  the  electrons  present  in  the  negative  glow  are  classified  in  three  categories.'^ 
First,  the  primary  electrons  are  high  energy  electrons  (20-25  eV)  that  are  produced  fi-om 
the  cathode  surface  during  ion  bombardment  and  gain  energy  as  they  are  accelerated 
through  the  cathode  dark  space  toward  the  negative  glow.  Second,  the  secondary 
electrons  with  energy  ranging  fi-om  2  to  10  eV  originate  from  ionizing  collisions  or  from 
primary  electrons  which  have  lost  their  energy  through  collisions.  Third,  the  slow 
(ultimate)  electrons  are  low  energy  electrons  (0.05-0.6  eV)  that  result  from  primary  and 
secondary  electrons  when  these  latter  electrons  are  thermalized  to  the  plasma  temperature 
through  numerous  collisions  with  other  plasma  species.  Electron  number  densities  on  the 
order  of  10  ,  10-10*,  and  lO'-lO"  cm"^  have  been  estimated  for  the  primary,  secondary, 
and  ultimate  electrons,  respectively.'"  Whether  collisions  with  electrons  result  in  ionization 
or  excitation  of  the  species  in  the  glow  discharge  depend  on  the  energetics  of  the  colliding 
electrons.  Ultimate  electrons  do  not  produce  excited  or  ionized  species,  while  secondary 
electrons,  having  moderate  energy  have  sufficient  energy  to  cause  excitation  of  the 
colliding  species  but  do  not  have  enough  energy  to  produce  ionization  of  the  gas  or 
sputtered  atoms.  The  excited  atoms  can  undergo  fiarther  collisions  with  other  electrons 
and  uhimately  be  ionized.  On  the  other  hand,  ionization  is  possible  when  the  primary 
electrons,  which  have  energy  greater  than  the  ionization  potential  of  the  neutral  species, 
collide  with  the  gas  or  sputtered  atoms. 


Figure  2-4  :  Collisional  processes  in  a  glow  discharge. 
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Table  2-1:  Glow  Discharge  Processes 


1 .       Primarv  Ionization  and  Excitation  Processes 

A. 

Electron  Impact 

M*  +  e"    -^    ]Vr  +  2e" 

M°  +  e-    -^   M'  +  e 

B. 

Penning  Collisions 

Nf  +  A„*     ^   NT  +  A^  +  e- 

I^+A™'     ^   M'  +  A" 

2.        Secondary  Processes 

A.    i.    Nonsymmetric  Charge  Transfer 

M°  +  A*     ->    NT  +  A" 

M^'  +  A^     ^    NT'  +  A" 

ii.    Symmetric  (Resonance)  Charge  Transfer 

X^(fast)  +  X^(8low)      — >      X^(fa!it)  +  X^(slow) 

iii.     Dissociative  Charge  Transfer 

MX  +  A^    ->   NT  +  X  +  A" 

B. 

Associative  Ionization 

M  +  A„'  ^   MA^  +  e 

C. 

Photoioni/ation  and  excitation 

M°  +  hv  ^    \r  +  e" 

M"  +  hv  ->   M* 

D. 

Cumulative  Ionization 

M"  +  e'    ^   M*  +  e"    ^    M'  +  le 

M"  -  sputtered  neutrals;  Am'  -  metastable  atom  of  discharge  gas;  X  -  any  gas  atom 
A*  -  gas  ion 
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Collisions  with  excited  species.  The  metastable  atoms  are  the  atoms  in  the  energy 
level  which  have  a  low  propabality  of  radiative  deactivation.  These  long-lived  metastable 
atoms  can  produce  an  ionized  specie  or  another  excited  species  by  the  process  known  as 
Penning  ionization  as  shown  in  Table  2-1.  If  the  energy  of  the  metastable  atom  is  greater 
than  the  ionization  potential  of  the  neutral  species,  then  it  can  easily  cause  ionization. 
Similarly,  if  the  metastable  atoms  have  energy  greater  than  the  excitation  potential  of  the 
species  with  which  they  collide  then  they  produce  excited  species  in  the  discharge.  The 
metastable  energies  of  most  rare  gases  used  in  glow  discharge  spectroscopy  are  higher 
than  most  elemental  ionization  and  excitation  potentials  (Table  2-2).  As  can  be  seen  from 
Table  2-2,  the  heavier  rare  gases  have  lower  excitation  potentials.  However,  heavier  rare 
gases  are  preferred  for  their  better  sputtering  efficiency,  as  explained  in  the  previous 
chapter.  On  the  other  hand,  lighter  rare  gases  have  higher  excitation  potentials.  Therefore, 
a  compromise  is  always  made  in  glow  discharge  atomic  emission  spectroscopy  when 
choosing  a  rare  gas.  A  gas  should  have  good  sputtering  efficiency  and  good  excitation 
potential.  In  glow  discharge  atomic  emission  spectroscopy,  argon  is  most  often  used  since 
it  has  acceptable  sputtering  and  excitation  efficiency  and  low  cost. 

Hollow  Cathode  Effect 

The  electrical  and  spectroscopic  characteristics  of  a  glow  discharge  with  a  planar 
cathode  can  be  significantly  altered  by  using  a  cathode  in  the  form  of  a  hollow  cylinder. 
The  emission  intensity  has  been  found  to  increase  by  2-3  orders  of  magnitude  just  by 
altering  the  geometry  of  the  cathode  from  planar  to  a  cylindrical  hollow  tube,  and  this 
enhancement  in  emission  intensity  is  known  due  to  "hollow  cathode  eflfect".''''*  The 
hollow  cathode  effect  was  illustrated  by  conducting  a  study  in  which  a  U-shaped  cathode 
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Table  2-2  :  Excitation  Potentials  of  Rare  Gases 
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Rare  Gas 

Energy  (eV) 

He 
Ne 
At 
Xe 

19.82 
16.62 
11.55 

-V 

8.32 
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was  employed  and  an  anode  was  placed  opposite  to  the  cathode."  The  distance  between 
the  two  arms  of  the  cathode  was  gradually  decreased  and  its  electrical  and  spectroscopy 
characteristics  were  noted.  Each  arm  of  the  cathode  formed  a  negative  glow  when  their 
separation  was  greatest.  As  the  distance  between  the  two  arms  decreased,  the  two 
negative  glows  of  the  corresponding  arms  began  to  merge  into  one  another.  This  is 
illustrated  in  Figure  2-5.  The  emission  intensity  increased  as  the  separation  between  the 
two  arms  of  the  U-shaped  cathode  decreased.  Generally,  in  hollow  cathode  devices  used 
today,  a  cylindrical  hollow  tube  with  either  one  or  both  ends  open,  is  used.  The  hollow 
cathode  discharge  retains  all  the  properties  of  a  planar  cathode  glow  discharge  and  the 
positive  column,  Faraday  dark  space  and  anode  glow  are  outside  the  cavity  of  hollow 
cathode  discharge  devices. 

The  cathode  layer  in  a  HCD  is  circular  along  the  inside  wall  of  the  hollow  cathode 
(Figure  2-6).  The  cathode  sheath  region  (Aston  dark  space,  cathode  glow,  and  cathode 
dark  space)  is  much  narrower  in  HCD  compared  to  a  planar  cathode  GD.  The  electric 
field  decreases  with  distance  away  from  the  inside  cathode  surface  and  the  negative  glow 
at  the  center  of  the  hollow  cathode  has  the  least  electric  potential.  In  HCD,  the  CDS 
carries  ahnost  the  entire  cathode  fall  potential  as  it  does  in  the  case  of  a  planar  cathode 
GD.  However,  since  it  has  to  carry  this  potential  through  a  much  smaller  distance,  the  field 
gradient  is  much  steeper,  which  results  in  ions  having  a  higher  average  energy  as  they 
impinge  on  the  surface  of  the  cathode.  As  a  result,  there  is  increased  sputtering.  Recently, 
Gihnutadinov  et  al.  studied  the  spatial  distribution  of  the  radiant  intensity  fi-om  various 
commercial  hollow  cathode  lamps  and  concluded  that  the  maximum  intensity  is  at  the 


Figure  2-5  :  Hollow  cathode  effect. 
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Figure  2-6  :  Cross-section  of  a  hollow  cathode  discharge. 
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center  of  the  hollow  cathode  and  the  intensity  maximum  does  not  change  its  spatial 
position  with  discharge  current. 

The  mean  free  path  of  electrons  in  a  hollow  cathode  is  on  the  order  of  the  diameter 
of  the  cathode  cavity.*"  As  a  result,  the  high  energy  electrons  cross  the  negative  glow, 
v^thout  losing  their  energy  through  collision  and  they  reach  the  opposite  side  of  the  inner 
wall  of  the  hollow  cathode.  Each  time  an  electron  passes  through  the  negative  glow  it 
excites  the  species  present  in  the  hollow  cathode.  As  the  electrons  reach  the  opposite  wall, 
they  are  bounced  back  due  to  the  higher  cathode  fall  potential.  This  causes  the  electrons  to 
make  multiple  passes  through  the  electrodes  between  the  opposite  sides  of  the  wall.  In 
other  words,  the  species  are  excited  a  number  of  times  through  collisions  in  the  hollow 
cathode,  as  opposed  to  the  case  with  a  planar  cathode  where  the  electron  passes  through 
the  negative  glow  just  once  and  then  it  is  eventually  thermalized  to  the  plasma  gas 
temperature. 

In  the  planar  cathode  glow  discharge,  one  of  the  processes  by  which  electrons  are 
emitted  from  the  cathode  surface  is  photoemission.  Photons  have  a  very  small  probability 
of  reaching  the  planar  cathode  surface,  depending  on  the  cathode  surface  area.  Electrons 
produced  as  a  result  of  photoemission  in  the  planar  GD,  therefore,  do  not  contribute  to  the 
excitation  and  ionization  processes  in  the  glow  discharge.  In  the  hollow  cathode,  photons 
are  confined  inside  the  cavity  of  the  cathode,  and  thus  they  have  a  higher  probability  of 
striking  the  cathode  surface.  The  likelihood  of  photons  striking  the  cathode  increases  from 
0.3  in  a  planar  cathode  GD  to  0.8  in  a  HCD.*'  Consequently,  there  is  a  large  population  of 
electrons  emitted  as  a  result  of  photoemission.  Moreover,  the  negative  glow  in  a  HCD  is 
more  intense  than  a  planar  GD,  which  increases  the  ejection  of  electrons  due  to 
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photoemission.  The  electron  number  density  in  a  HCD  is,  therefore,  higher  than  the 
electron  number  density  in  a  planar  GD. 

Plasma  species  also  strike  the  cathode  surface  in  HCD  and  they  have  a  higher 
residence  time  inside  the  hollow  cathode.  These  species  are  excited  as  they  pass  through 
the  analytical  zone.  The  escape  rate  for  the  rare  gas  and  analyte  species  is  less  than  2%  of 
that  for  a  planar  cathode  glow  discharge  system. '^ 
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CHAPTERS 
MAGNETICALLY-COUPLED  GLOW  DISCHARGE  SOURCES 


Literature  Review 

In  chapter  1,  a  brief  outline  of  the  methods  for  the  enhancement  of  atomic  emission 
intensity  output  from  a  glow  discharge  source  was  given.  One  of  the  methods  by  which 
the  emission  intensity  can  be  enhanced  is  by  applying  a  magnetic  field  to  the  glow 
discharge.  Magnetically-coupled  plasmas  have  been  studied  extensively  and  the  term 
'magnetoplasma'  is  frequently  used  for  the  plasmas  which  are  modified  by  an  external 
magnetic  field.  Physicists  and  engineers  have  studied  magnetoplasmas  extensively  and 
have  exploited  them  for  plasma  confinement.*^"*'  Vacuum  engineers  have  found  a  number 
of  practical  applications  for  these  devices  as  vacuum  pumps,'"  pressure  gauges,*^  and  very 
high  efficiency  sputter-type  vapor  sources  for  thin  film  fabrication.**  The  glow  discharge 
sources  with  magnetic  field  employed  in  thin  film  deposition  technology  are  known  as 
magnetron  glow  discharge  sources.  Figure  3-1  shows  different  magnetron  sources  used 
for  these  applications.  One  of  the  aspects  of  the  present  study  is  the  designing  of  a 
magnetron  glow  discharge  source  for  atomic  emission  spectroscopy. 

Since  1980,  there  has  been  a  growing  interest  in  analytically  usefixl 
magnetoplasmas.  In  glow  discharge  spectroscopies,  both  hollow  cathode  and  planar 
cathode  glow  discharges  have  received  considerable  attention  for  their  coupling  to  a 
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magnetic  field. 

In  1978,  Grimm    presented  a  magnetic  field  glow  discharge  source  with  a  planar 
cathode  which  was  subsequently  used  by  Kruger  et.  al.^  The  source  incorporated  a 
permanent  magnet  which  caused  the  electrons  in  the  plasma  to  execute  a  spiral  motion 
about  the  magnetic  field  lines  leading  to  enhanced  collisional  excitation,  sputtering  and 
light  output  as  compared  to  a  conventional  GD  source.  These  authors  fiirther  evaluated 
the  performance  of  this  source  for  the  analysis  of  mild  and  stainless  steel  and  compared  the 
results  to  a  source  without  magnetic  field.^'  The  analytical  performance  of  their  boosted 
GD  was  respectable  for  the  analysis  of  the  mild  steel,   however,   diflBculties  were 
encountered  in  the  analysis  of  alloyed  steels  owing  to  their  differing  magnetic  properties. 
Ferreira  et  al.    made  line  profile  measurements  of  radiation  fi-om  the  magnetic  field  glow 
discharge  source.  They  showed  that  Zeeman  splitting  of  spectral  lines  is  present  in  this 
type  of  source.  Sacks  and  coworkers  carried  out  extensive  investigations  on  the  efifect  of 
magnetic  field  on  planar  cathode  glow  discharge.^'"  The  sputtering  characteristics  of  six 
different  alloys  and  metals  were  studied  by  these  researchers  under  a  wide  range  of  fill  gas 
pressures.  The  mass  lost  as  a  resuh  of  sputtering  was  highest  for  the  highest  atomic 
number  species.  They  also  studied  the  excitation  and  ionization  characteristics  of  the 
planar  magnetron  glow  discharge  device,  and  it  was  found  that  ionization  increases  with 
decrease  in  the  discharge  pressure.^  In  other  work,  preliminary  studies  of  analytical 
applications  of  a  magnetron  glow  discharge  was  reported  by  these  authors.^""  Recently, 
Heintz  et  al.    '  investigated  the  sputtering  rate  and  emission  characteristics  of  a  planar 
cathode  glow  discharge  in  which  a  permanent  magnet  was  placed  behind  the  cathode.  Up 
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to  three  times  increase  in  the  emission  intensity  for  copper  and  chromium  atomic  emissions 
from  various  alloys  resulted/"^ 

The  influence  of  a  magnetic  field  on  a  hollow  cathode  discharge  was  first  identified 
and  partially  studied  from  a  physical  point  of  view  about  30  years  ago.'"'"^"'  Schrenck  et 
al.  investigated  magnetic  field  effects  on  the  emission  of  hollow  cathode  lamps  using 
cathodes  made  of  either  ferromagnetic  (Fe),  paramagnetic  (Cr,  Mg),  or  diamagnetic  (B) 
material.  A  visual  increase  in  the  emission  intensity  was  observed  for  boron  as  cathode. 
Magnesium,  being  slightly  paramagnetic  at  room  temperature,  showed  little  effect.  A 
substantial  increase  in  the  intensity  was  observed  for  Mn,  Ni  and  Cu  when  using  an  iron 
hollow  cathode  under  a  magnetic  induction  of  340  gauss.  Later,  Rudnevsky  et  al.'"''"*^ 
investigated  spectrochemical  aspects  of  the  HCD  in  magnetic  fields  with  transversal  and 
longitudinal  orientations  with  respect  to  the  cathode  axis.  Trivedi  et  al."°  used  an  external 
magnetic  field  to  alter  the  radiative  properties  of  a  demountable  hollow  cathode  lamp  with 
a  center  post  cathode  and  of  several  commercial  hollow  cathode  lamps.  Another  version 
of  a  center  post  cylindrical  magnetron  glow  discharge  was  devised  by  Tanaguay  et  al."'  in 
which  the  radiative  and  electrical  properties  of  the  discharge  were  studied.  A  similar  center 
post  cylindrical  magnetron  glow  discharge  used  as  an  ion  bombardment  fiimace  was 
developed  by  Sacks  et  al."%r  the  analysis  of  liquid  solution  residues,  which  resulted  in 
picogram  level  detection  limits.  The  influence  of  a  rotating  magnetic  field  on  a  HCD  was 
investigated  by  Pavlovic  and  Dobrosavljeviv"^;  the  emission  intensities  of  fill  gases  was 
found  to  decrease  while  there  was  a  rather  marginal  effect  of  magnetic  field  on  the 
emission  intensity  of  the  analytes  studied. 


Theory  of  glow  discharge  influenced  by  magnetic  field 
Plasmas  are  moderately  conductive  and,  therefore,  are  only  weakly  perturbed  by 
the  application  of  electric  fields.  However,  the  application  of  a  magnetic  field  can  have 
very  significant  effects.  A  moving  charged  particle  in  a  magnetic  field  is  subject  to  a  force 

F„=qvxB  (3-1) 

where  q  is  the  charge  on  the  particle  (C),  v  is  the  velocity  (m/s),  and  B  is  the  magnetic 

field  (gauss). 

When  the  magnetic  field  is  uniform  and  no  electric  field  is  present,  charged 

particles  drift  along  the  field  lines  with  speed  V||  which  is  unaffected  by  the  magnetic  field, 

and  the  particles  orbit  along  the  field  lines  with  a  gyro  or  cyclotron  fi-equency  given  by 

following  equation 

eB 
0)^  =  —  =  1.76  X  lO'B  rad/s  (3-2) 

and  the  gyro  or  Larmor  radius  is  expressed  as 

^^v^      V2^^  (3-3) 

"-      q    B  qB  ' 

The  motion  of  the  particle  in  this  situation  is  a  helix  as  shown  in  Figure  3 -2a. 

Equations  3-4  and  3-5  give  usefial  forms  of  the  relationship  for  the  cyclotron 

fi-equencies  of  electrons  and  singly  charged  ions,  respectively: 

fe  =  2.8  GHz/kG  (3-4) 

y;o„=1.5/AMHz/kG  (3-5) 
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It  is  interesting  to  note  that  the  cyclotron  frequency  of  an  electron  is  about  7.3  x  10'*  times 
greater  than  that  of  a  singly  charged  argon  ion. 

When  magnetic  and  electric  fields  are  uniform  and  the  electric  field  is  parallel  to 
the  magnetic  field,  the  particles  are  fi-eely  accelerated  and  the  helix  pitch  increases 
continuously.  When  the  electric  component  is  perpendicular  to  the  magnetic  field,  a  drift 
of  speed  given  by 

v^  =  10''^   cm/s  (3-6) 

B 

develops  in  a  direction  perpendicular  to  both  the  electric  and  magnetic  field  vectors  and 

combines  with  the  orbiting  motion  as  shown  in  Figure  3-2b.  This  is  the  E  x  B  drift.  For  a 

particle  created  at  rest  in  uniform  and  perpendicular  E   and  B  fields,  the  trajectory 

becomes  the  cycloid  generated  by  a  circle  of  radius  given  by  equation  3-3. 

Scope  of  the  Dissertation 

With  the  previous  success  of  the  microcavity  hollow  cathode  discharge  for  the 
measurement  of  trace  metals  in  sub-microliter  samples  in  this  laboratory,  it  was  decided  to 
design  a  simple  and  inexpensive  boosted  glow  discharge  source  for  atomic  emission 
spectroscopy  for  these  measurements  and  compare  the  results  with  the  results  obtained 
with  a  conventional  glow  discharge  source.  If  the  volume  of  the  discharge  chamber  is  kept 
as  small  as  practically  possible,  then  there  is  a  substantial  improvement  in  the  emission 
intensity  of  analytes.""*  This  improvement  was  attributed  to  minimizing  the  dilution  of  the 
sputtered  material,  i.e.  the  analytes  into  the  buffer  gas.  Therefore,  it  was  decided  to  retain 
the  idea  of  a  small  volume  (<  100  mL).  The  magnetically-boosted  method  was  adopted  for 
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Figure  3-2  :  (a)  Motion  of  a  charged  particle  in  magnetic  field;  (b)  motion  of  a 
charged  particle  in  a  mutually  perpendicular  magnetic  and  electric  field. 
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enhancing  the  emission  intensity  output  because  of  its  simplicity  of  use  and  low  cost. 
Three  designs  of  the  magnetically-boosted  glow  discharge  devices  were  constructed.  In 
chapter  4,  a  magnetically-coupled  microcavity  hollow  cathode  discharge  is  evaluated  to 
investigate  the  possibility  of  its  application  for  the  analysis  of  microliter  volume  solution 
residues.  The  magnetic  field  was  applied  using  an  electromagnet.  The  effect  of  varying 
magnetic  field  on  the  atomic  and  ionic  emissions  fi"om  the  microcavity  HCD  are  studied.  A 
theoretical  model  based  on  semicorona  equilibrium  is  presented  to  explain  the  observed 
effect  of  magnetic  field  on  the  emission  intensities.  In  chapter  5,  results  obtained  with  a 
compact  microcavity  hollow  cathode  discharge  are  discussed.  The  design  is  based  on  a 
cylindrical  magnetron  sputtering  source.  Small  permanent  magnets  are  used  in  this  design 
in  order  to  keep  the  size  of  the  device  as  small  as  possible.  In  this  magnetron  design,  the 
charge  transport  processes  which  are  influenced  by  the  presence  of  the  magnetic  field  are 
characterized  on  the  basis  of  the  atomic  emission  data.  In  chapter  6,  atomic  emission 
results  obtained  fi^om  a  miniature  planar  magnetron  glow  discharge  source  are  presented. 
Spectroscopic  results  obtained  fi'om  the  sub-microliter  volume  residues  of  the  aqueous 
samples  deposited  on  the  cathode  surface  are  compared  with  those  obtained  without  a 
magnetic  field.  Finally,  the  analytical  possibility  of  using  a  planar  magnetron  glow 
discharge  source  for  the  simultaneous  muhi-elemental  trace  analysis  of  less  than  a 
microliter  samples  is  explored. 
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CHAPTER  4 

SPECTROSCOPIC  EVALUATION  OF  A  MAGNETICALLY-BOOSTED 

MICROCAVITY  HOLLOW  CATHODE  DISCHARGE 

Design  of  the  Discharge  Device 

In  this  part  of  the  study,  the  microcavity  design  used  previously  in  this  laboratory 

for  the  evaluation  of  its  application  in  the  measurements  of  microliter  volume  sample  was 

used.""*  A  glow  discharge  chamber  was  made  from  a  quartz  outer  tapered  joint  with  an 

optical  quality  window  fijsed  at  one  end  of  the  joint.  The  outer  tapered  joint  contained  an 

inlet  and  an  outlet  for  the  flow  of  the  fill  gas  and  vacuum  connection  (Figure  4-1).    The 

inner  joint  with  the  electrode  and  the  outer  joint  formed  a  demountable  assembly  which 

held  a  tight  vacuum  necessary  for  a  low  pressure  discharge.  The  total  volume  of  the  glow 

discharge  chamber  was  70  mL.  A  stainless  steel  anode  wire  2  mm  in  diameter  was  sealed 

inside  a  7/15  quartz  inner  tapered  joint  and  the  anode  was  electrically  grounded.  Argon 

gas  was  used  as  the  fill  gas  and  an  on-line  moisture  trap  removed  moisture.  The  flow  of 

the  gas  into  the  chamber  was  controlled  using  two  needle  valves  connected  in  series.  The 

gas  pressure  was  monitored  by  two  pressure  gauges,  one  reading  from  0  to  760  torr  in 

increments  of  10  torr  and  another  reading  from  0  to  20  torr  in  mcrements  of  1  torr.  A 

rotary  vacuum  pump  (Varian  Associates,  Model  SD-90,  NJ)  was  used  to  pull  the  vacuum 

and  a  ballast  can  was  introduced  between  the  vacuum  pump  and  the  chamber.  The  ballast 

can  helped  to  reduce  the  pressure  quickly  in  the  chamber.  The  chamber  was  flushed  three 

times  with  argon  to  remove  the  air  that  was  entrained  into  the  chamber.   After 
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Figure  4-1  :  Schematic  diagram  of  the  quartz  glow  discharge  chamber. 
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evacuating,  the  chamber  was  filled  with  argon  gas  to  the  desired  pressure. 

The  cathode  was  cooled  by  circulating  chilled  water  through  a  Tygon  tube 
wrapped  around  the  neck  of  the  chamber. 

Microcavity  hollow  cathodes  of  1.5  mm  diameter  and  6  mm  depth  were  machined 
fi^om  high  purity  (>  99.99%)  metal  rods  6  mm  in  diameter.  These  dimensions  of  the 
microcavity  hollow  cathodes  were  previously  found  to  be  optimum  for  solution  residue 
analyses.'^'*  For  the  magnesium  studies,  NIST  standard  reference  material  124b  was  used 
which  contained  4.54  %  magnesium  in  aluminum  alloy.  The  cathodes  were  inserted  into  a 
ceramic  sleeve  and  epoxied  into  a  quartz  inner  tapered  joint  (Figure  4-2).  The  cathode 
was  connected  to  the  negative  terminal  of  a  high  voltage  power  supply  (Hippotronics, 
Inc.;  NY;  Model  803-330).  The  power  supply  used  had  the  capability  of  delivering  up  to 
3000  V  and  up  to  400  mA.  A  ballast  resistor  of  29  kQ  was  connected  in  series  with  the 
cathode.  The  use  of  the  ballast  resistor  helped  the  formation  of  a  stable  discharge.  The 
discharge  could  be  initiated  instantaneously  by  using  a  laboratory-constructed  toggle 
switch. 

An  electromagnet  (Anac,  Australia;  Model  3470)  was  used  for  the  application  of 
the  magnetic  field;  the  field  strength  could  be  varied  by  changing  either  the  coil  current  of 
the  magnet  or  the  gap  between  the  poles  of  the  magnet  or  both.  The  microcavity  HCD 
was  placed  between  the  two  poles  of  the  magnet,  and  the  field  was  applied  perpendicular 
to  the  axis  of  the  microcavity.  Figure  4-3  shows  the  schematic  of  the  experimental  set  up 
used  in  this  study.  The  poles  were  brought  as  close  as  possible  to  the  chamber  in  order  to 
obtain  maximum  interaction  of  the  magnetic  field  with  the  discharge.  Magnetic  field 
measurements  were  carried  out  using   a  gaussmeter  probe  (Bell,  Inc.;  OH;  Model  640). 


Figure  4-2  :  The  microcavity  hollow  cathode. 
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The  measurements  were  made  by  placing  the  gaussmeter  probe  at  exactly  the  same 
position  where  the  microcavity  was  to  be  positioned. 

The  emission  from  the  microcavity  was  focused  on  the  entrance  slit  of  a  1  m  focal 
length  grating  spectrometer  (Jobin-Yvon  model  HRIOOO;  NJ  -  2400  grooves  mm"*  linear 
dispersion  of  0.5  nm  mm'*)  through  a  quartz  plano-convex  lens.  An  iris  aperture  was 
placed  between  the  lens  and  the  monochromator  entrance  slit  to  reduce  the  stray  light 
entering  the  spectrometer.  The  monochromator  slit  width  was  10  ^m  and  the  slit  height 
was  maintained  at  4  mm.  A  photodiode  array  detector  (PDA)  with  a  spectral  range  of  20 
nm  was  used  as  the  detector.  The  detector  contained  1024  pixels  which  gave  a  spectral 
resolution  of  0.02  nm  per  pixel.  The  diode  array  pixel  height  was  3  mm.  Therefore,  each 
observed  spectral  line  intensity  represented  an  average  intensity  over  a  thin  vertical  slice  of 
the  discharge.  One  advantage  of  the  PDA  was  that  it  could  simultaneously  monitor  all  the 
emission  within  a  20  nm  range.  This  is  particularly  useful  for  the  measurements  of  trace 
elements  simultaneously  by  atomic  emission  spectroscopy.  The  emission  signal  could  be 
integrated  at  increments  of  33  ms  over  a  desired  period  of  tune;  also,  it  was  possible  to 
accumulate  a  selected  number  of  scans  or  both  of  these  acquisition  methods  could  be 
applied  simuhaneously.  Data  were  acquired  with  a  personal  computer  and  data  acquisition 
software  (OSMA 1-120,  Princeton  Instruments,  Inc.;  NJ,  USA). 

Radial  profiles  of  the  atomic  emission  from  the  microcavity  were  taken  by  moving 
the  lens  at  50  nm  increments  across  the  diameter  of  the  microcavity  using  an  x-y  translator 
and  focusing  the  image  on  the  slit  of  the  monochromator.  The  horizontal  spatial  resolution 
is  about  50  jim  which  was  chosen  as  the  measurement  increment. 
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For  solution  analysis,  1000  ppm  standard  solutions  (Fisher  Scientific,  NJ)  were 
used.  The  solution  was  deposited  inside  the  microcavity  using  a  micropipet  (Rainin 
Instrument,  Co.,  CA,  Model  Pipetman  P-2).  The  solution  was  dried  under  a  gentle  stream 
of  nitrogen  for  a  period  of  2  minutes,  and  the  solution  residue  was  subjected  to  analysis. 
The  acquisition  of  data  was  begun,  before  switching  on  the  discharge. 

Solution  Residue  Analysis 

Application  of  the  magnetic  field  resuUed  in  a  very  intense  positive  column  and  the 
negative  glow  was  seen  to  penetrate  inside  the  microcavity.  The  emission  fi-om  inside  of 
the  microcavity  was  brighter  in  the  presence  of  the  magnetic  field.  However,  due  to  the 
brighter  positive  column  in  the  presence  of  magnetic  field,  a  large  background  emission 
fi-om  the  positive  column  was  present.  It  was  thus  decided  to  reduce  the  size  of  the 
positive  column  by  decreasing  the  interelectrode  distance,  a  common  method  adopted  to 
eliminate  the  positive  column."'  In  order  to  obtain  the  optimum  signal  to  background 
ratio  of  the  analyte  in  the  presence  of  the  magnetic  field  as  a  fiinction  of  interelectrode 
distance,  another  quartz  glow  discharge  chamber  was  designed.  Figure  4-4  shows  the  new 
design.  The  distance  between  the  anode  and  cathode  could  be  varied  by  inserting  the 
stainless  steel  anode  deeper  inside  the  chamber  fi-om  the  side  arm.  The  optimum  inter- 
electrode distance  was  found  to  be  2  mm  without  resulting  in  arcing  of  the  discharge. 

Figure  4-5  shows  the  temporally  resolved  emission  spectra  of  a  solution  containing 
100  ng  of  copper  deposited  in  an  aluminum  microcavity.  The  discharge  current  was  38 
mA  at  an  argon  pressure  of  1  torr.  These  discharge  conditions  were  found  to  be  optimum 
in  a  previous  study  in  this  laboratory.""*  Since  a  photodiode  array  detector  with  a  20  nm 


Figure  4-4  :  Modified  design  of  the  quartz  glow  discharge  chamber. 
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spectral  window  was  employed  in  these  studies,  it  was  possible  to  simultaneously  observe 
the  two  resonance  lines  of  copper  at  324.75  and  327.40  nm.  At  the  beginning  of  the 
discharge  (0  s  in  Fig.  4-5),  no  magnetic  field  was  applied,  and  the  line  at  324.75  nm  had  a 
good  signal-to-background  (S/B)  ratio,  whereas  the  line  at  327.40  nm  had  a  poor  S/B.  As 
soon  as  the  magnetic  field  was  turned  on  (as  shown  by  the  arrow  in  Figure  4-5),  the 
intensity  of  the  line  at  324.75  increased  by  up  to  four  times  and  the  emission  line  at  327.40 
rmi  began  to  appear  well  above  the  background.  Similar  results  were  reported  by 
Rudnevskii  et  al."*  for  a  magnetically-boosted  HCD  of  conventional  dimensions.  The 
precision  of  measurements  in  the  present  work  was,  however,  about  30  %  for  solution 
analysis.  In  order  to  optimize  experimental  conditions  such  as  magnetic  field  strength, 
current  and  pressure  for  solution  residue  analyses,  it  was  decided  to  study  the  effect  of 
magnetic  field  on  solid  samples  before  further  evaluation  of  solution  sample  residues. 

The  effect  of  magnetic  field  on  the  atomic  emission  of  copper  was  studied  by 
applying  a  magnetic  field  parallel  to  the  HCD  axis  where  the  discharge  chamber  was 
placed  at  the  center  of  the  coil  of  the  electromagnet.  Up  to  500  gauss  of  the  magnetic  field 
on  the  discharge  was  obtained  with  this  arrangement.  However,  there  was  no  appreciable 
effect  of  the  magnetic  field  on  the  atomic  emission  was  observed  when  the  field  was 
applied  parallel  to  the  cathode  axis. 

Effect  of  Magnetic  Field  on  Atomic  Emission  of  Sputtered  Cathodic  Material 

The  effect  of  the  magnetic  field  on  the  atomic  emission  of  the  sputtered  material 
was  evaluated  by  sputtering  the  microcavity  hollow  cathodes  of  high  purity  aluminum, 
copper  and  magnesium-aluminum  alloy.  Figure  4-6  shows  the  enhancement  of  the  atomic 
emission  of  copper  from  the  copper  microcavity  for  the  two  lines  at  324.75  and  327.40  nm 


Figure  4-6  :  Effect  of  the  magnetic  field  on  copper  emission. 
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with  increasing  magnetic  field  strength.  The  emission  intensity  increased  by  a  factor  of 

v.. 

about  2.5  up  to  a  magnetic  field  of  2500  gauss  and  fiirther  increase  in  the  magnetic  field 

resulted  in  a  decrease  in  the  emission  intensity.  The  background  emission  was  unaffected 

by  the  magnetic  field.  Precision  (%  relative  standard  deviation)  for  these  measurements 

was  less  than  2%.  A  possible  mechanism  reported  by  Pavlovic  and  Dobrosavljvic.'*' 

involved  the  negative  glow  inside  the  microcavity  being  pushed  towards  the  inside  walls  of  *  ■ 

the  microcavity  as  the  magnetic  field  is  fiirther  increased.  As  a  consequence,  there  would 

be  a  reduction  in  the  intensity  at  the  center  of  the  microcavity  at  higher  field  strengths.  ' 

However,  in  the  present  study,  this  possibility  was  ruled  out  by  measuring  the  radial 

profiles  of  the  copper  microcavity  emission  at  324.75  nm  at  different  field  strengths.  The  .j* 

results  are  shown  in  Figure  4-7.  The  intensity  of  emission  is  a  maximum  at  the  center  of 

the  microcavity  at  all  magnetic  field  values,  indicating  that  there  is  no  localization  of  the 

negative  glow  near  the  inside  walls  of  the  microcavity. 

Aluminum  is  known  to  show  a  lower  sputtering  rate  than  copper,  and  therefore,  is 
less  prone  to  self-reversal.^'  Therefore,  it  was  decided  to  examine  the  effect  of  magnetic 
field  on  aluminum  atomic  emission.  Two  resonance  lines  of  aluminum  atomic  emission  at 
394.6  and  396.6  nm  were  chosen  for  this  study.  Atomic  emission  fi-om  an  aluminum 
microcavity  hollow  cathode  was  observed  under  identical  discharge  conditions  used  for 
the  copper  emission  study;  the  results  are  shown  in  Figure  4-8.  Once  again  as  with  copper 
emission,  there  was  an  increase  and  then  decrease  in  the  atomic  emission  intensity  of  the 
aluminum  lines  at  394.15  and  396.40  nm  as  the  magnetic  field  was  increased.  The 
background  was  again  constant  over  the  range  of  magnetic  field  strengths. 


'k 


Figure  4-7  :  Radial  profile  of  copper  microcavity  HCD  at  various  magnetic  field 

strengths. 
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Figure  4-8  :  Effect  of  the  magnetic  field  on  aluminum  atomic  emission. 
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Radial  profiles  of  the  aluminum  microcavity  HCD  once  again  showed  the 
maximum  emission  intensity  at  approximately  the  center  of  the  microcavity  (Figure  4-9).  A 
similar  study  was  conducted  for  magnesium  ion  lines  by  observing  the  emission  fi-om  the 
microcavity  hollow  cathode  made  fi-om  a  NIST  sample  of  aluminum  containing  4.54% 
magnesium.  The  results  for  magnesium  ion  emission  for  the  lines  at  279.55  nm  and  280.27 
nm,  shown  in  Figure  4-10,  exhibit  the  same  trends  as  for  copper  and  aluminum  emissions. 
Popovici  et  al.*'  studied  the  effect  of  magnetic  field  on  the  atomic  emission  of  lead  at 
405.78  nm  using  different  fill  gases;  the  emission  intensities  did  not  change  much  after 
reaching  a  maximum.  However,  no  theoretical  explanation  was  given.  Rudnevsky  and 
coworkers"*  have  studied  residues  of  the  alkali  metals  deposited  in  a  HCD  in  a  magnetic 
field;  they  also  observed  a  similar  pattern.  A  reduction  in  the  molecular  emission 
background  of  CN  was  observed  with  increasing  magnetic  field  strength.  However,  in  our 
case,  the  background  was  fairly  constant  near  the  emission  lines  of  all  the  three  elements. 

Hollow  cathode  discharges  are  known  to  show  self-reversal,  and  the  decrease  in 
the  emission  intensity  for  the  analytes  studied  here  may  be  due  to  an  increased  sputtering 
rate  with  increasing  magnetic  field.  However,  upon  studying  the  effect  of  magnetic  field 
strength  on  argon  ion  emission  at  404.29  nm  (see  Figure  4-11),  a  steady  decrease  in  the 
emission  intensity  with  magnetic  field  strength  was  observed.  This  observation  implies  that 
there  is  no  increase  in  the  ionization  of  the  argon  gas  with  increasing  magnetic  field.  In 
other  words,  it  is  possible  that  there  is  no  increase  in  the  sputtering  rates  with  increasing 
magnetic  field  strengths  at  an  argon  pressure  of  1  torr. 


Figure  4-9  :  Radial  profile  of  aluminum  microcavity  HCD. 
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Figure  4-10  :  Efifect  of  the  magnetic  field  on  magnesium  ion  emission. 
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Figure  4-11:  Effect  of  the  magnetic  field  on  argon  ion  emission. 
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Theoretical  Validation  of  the  Effect  of  the  Magnetic  Field  on  the  Emission  of  the 
Sputtered  Material  , 

Sen  et  al.'^*  observed  the  variation  of  the  spectral  emission  intensities  of  helium, 
hydrogen  and  mercury  as  fill  gases  in  glow  discharges  as  a  function  of  magnetic  field 
strength,  and  they  reported  similar  variations  in  emission  with  increasing  magnetic  field  for 
the  atomic  lines  of  the  fill  gases  used.  The  emission  maxima  were  attributed  to  two 
discharge  related  factors  that  are  simultaneously  influenced  by  the  applied  magnetic  field; 
these  factors  are  electron  temperature  and  the  electron  number  density  along  the  axis  of 
the  discharge."*  It  was  assumed  in  their  studies  that  the  excitation  mechanism  was  mostly 
by  electron  impact."^ 

Electron  temperature  increases  with  magnetic  field,  whereas  there  is  a  radial 
diffusion  of  electrons  fi^om  the  axis  of  the  discharge  with  increasing  magnetic  field.  In 
order  to  confirm  that  a  similar  argument  can  be  used  to  justify  the  trend  observed  in  the 
present  case  for  the  sputtered  materials,  the  following  mechanism  is  speculated: 

The  electron  temperature  in  a  magnetic  field,  TeB  is  related  to  the  electron 
temperature  without  a  magnetic  field,  Te  as  follows,"* 

7:,=r,(i+c,4r  (4-1) 

where  B  is  the  magnetic  field  strength  (gauss)  and  Pj  the  pressure  (torr).  Cy  is  a  constant 
(torr^gauss"'^)  dependent  on  the  fill  gas  which  is  given  by  equation  4-2. 

C,  =  (-^)^  (4-2) 

where  e  is  the  electronic  charge  (C),  L  is  the  electron  mean  fi-ee  path  (m)  at  a  pressure  of 
1  torr,  and  v,  is  the  random  velocity  of  the  electron  (m/s). 
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-3- 


The  electron  number  density,  neB   (cm'  )  along  the  axis  of  the  microcavity  HCD  in 
the  presence  of  the  magnetic  field  is  given  as'^° 


n  o=w  exp( ! I  (4-3) 


IkTP. 
e 

where  rig  is  the  electron  density  (cm'^)  in  the  absence  of  magnetic  field  and  E  is  the  axial 

electric  field  per  centimeter  (V/cm).  This  equation  implies  that  there  is  a  reduction  in  the 

electron  number  density  at  a  distance  r  fi-om  the  axis  due  to  the  presence  of  the  magnetic 

field. 

The  intensity  of  the  emission  arising  fi^om  a  transition  j  —>■  i,  for  an  optically  thin 

semi-corona  plasma,  in  the  absence  of  a  magnetic  field,  is  given  by'^ 

^■-."X5^)..(^)exp(-^)     ,  (4-4) 

where  h  is  Planck's  constant  (J.s),  /  is  the  path-length  (cm),  «a  is  the  number  density  of  the 
analyte  atoms  or  ions  in  the  ground  state  (cm"^),  Ap  is  the  Einstein  coefficient  of  transition 

probability  (s"'),     Z   A  ■      is  the  summation  of  all  the  transition  probabilities  between 
Tn<j   J"* 

upper  and  lower  levels,  Xa  is  the  collisional  excitation  rate  coefficient  fi^om  the  ground 
state  g  to  the  excited  statey  (cm'^  s"'),  Uj  is  the  energy  of  the  upper  level  (eV),  and  v},  is 
the  fi-equency  of  the  emitted  radiation  (s"'). 

In  the  presence  of  a  magnetic  field,  hj  is  given  by^^" 

.,).=..X^)..exp(-^)(^).e.(--^)  (4.) 
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Taking  the  ratio  of  equations  4-4  and  4-5  and  substituting  for  TgB  from  equation  4-1  and 
maximizing  the  result  with  respect  to  B  gives'^" 

Bl 


e^E\^  =AC,BI^U]{P?{\  +  C,^)y'  (4-6) 


P/ 


There  is  some  degree  of  uncertainty  involved  in  the  theoretical  calculation  of  the  value  for 
Bmax  using  equation  4-6  since  the  values  of  E  and  r  are  not  precisely  known.  Therefore, 
for  a  particular  gas  at  a  constant  pressure,  it  will  sufiBce  to  prove  that  for  a  given  set  of 
emission  lines  for  an  element, 

Bma^Ujiy  +  CXa.  /  P'T'"'  =  Q  (4-7) 

where  C2  is  a  constant.  In  order  to  calculate  Cj  from  equation  4-2,  one  has  to  know  the 
collisional  cross-section  of  electrons  and  fill  gas  atoms  to  calculate  the  mean  free  path. 
Since  the  collision  cross-section  depends  on  the  energy  of  the  electron  and  that  of  the  gas 
atoms,  its  precise  determination  is  difficult. 

Sadhya  et  al.*^"  proposed  a  method  for  calculating  the  value  of  C/  from  equation  4- 
1  by  plotting  the  electron  temperature  in  a  magnetic  field  at  various  field  strengths,  the 
slope  of  which  gives  Cy.  Furthermore,  the  electron  temperature  Te  without  the  magnetic 
field  was  calculated  from  the  intensity  ratio  of  two  lines  assuming  the  gas  was  in  local 
thermodynamic  equilibrium  (LTE).  Since  a  low  pressure  discharge  is  not  in  LTE,  a 
semicoronal  equilibrium  was  assumed  to  prevail  inside  the  discharge."' 

Assuming  another  transition  k  ->  /  and  taking  the  ratio  of  the  intensity  of  the  two 
lines  gives 


:*■ 


,.■*>•■■ 


kTe^{U,^-Uj)nn(-f^^)  (4-8) 
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assuming  the  excitation  rate  coefficients  Xgi  and  Xgk  are  the  same  due  to  the  similarity  of 
excited  states. 

When  the  magnetic  field  is  applied, 

1        1  k 


An\    n    W  (4-9) 


where  fy  and  /*  are  the  oscillator  strengths  (dimensionless)  of  the  respective  transitions 
and  TeB  is  the  electron  temperature  in  the  presence  of  the  magnetic  field.  It  is  important  to 
note  that  this  equation  is  valid  only  for  those  emission  lines  which  have  the  same  ground 
states  because  the  statistical  weights  of  the  ground  state  are  also  affected  by  the  applied 
magnetic  field  as  a  result  of  Zeeman  splitting.  The  ratio  of  the  statistical  weights  in  the 
presence  of  the  magnetic  field  is  unity  if  the  two  ground  levels  are  same.  Two  resonance 
lines  of  copper  (324.70  and  327.40  nm)  were  selected  for  the  calculation  of  electron 
temperatures  both  with  and  without  a  magnetic  field  using  equations  4-8  and  4-9.  A  plot 
of  (Tes/T^  -J  versus  B^/?^  (where  B/Pj  is  known  as  the  reduced  magnetic  field)  is  shown 
in  Figure  4-12.  It  is  evident  fi-om  this  plot  that  the  electron  temperature  is  constantly 
increasing  with  applied  magnetic  field  strength  (where  pressure  is  kept  constant).  The 
value  of  the  slope  of  this  plot,  which  corresponds  to  Cj,  gives  1.72  x  10"^  for  argon  which 
is  in  the  same  range  calculated  for  helium  by  Sadhya  et.  al.'^"  Table  4-1  lists  the  values  of 
the  constant  in  equation  4-7,  as  can  be  seen  fi-om  Table  1,  for  a  particular  element,  the 
value  of  Ci  is  almost  constant.  Therefore,  the  closer  the  energies  of  the  upper  levels  of  the 
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Figure  4-12  :  Variation  of  electron  temperature  with  the  magnetic  field. 
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Table  4-1  :  Relationship  between  Intensity  Maxima  and  Energy  of  Upper  Level  for 
Various  Analytes 


Analyte 

Wavelength 
(nm) 

Energy  of  the 

upper  level 

(eV) 

R      * 

Oaax 

(gauss) 

C2 

(gauss.eV) 

Cu(I) 

324.75 

3.817 

2500 

2784 

Cu(I) 

327.40 

3.786 

2500 

2761 

Mg(n) 

279.55 

4.434 

2400 

3222 

Mg  (II) 

280.27 

4.422 

2500 

3225 

A1(I) 

394.40 

3.143 

2300 

2275 

A1(I) 

396.15 

3.143 

2300 

2275 

* 


Bnux  values  correspond  to  magnetic  field  strengths  giving  the  maximum  signals  on  Figures  4-6,  4- 
8  and  4-10. 
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lines  of  a  particular  element,  the  closer  are  the  maxima  of  the  emission  intensities  that 
occur  when  the  field  strength  is  increased  as  seen  in  Figures  4-6,  4-8  and  4-10.  For  all 
three  elements  chosen  in  this  study,  B„uvc  values  are  nearly  the  same  for  a  given  element. 
For  example,  aluminum  has  the  same  energy  of  the  upper  levels  for  both  lines  at  394.40 
and  396. 15  nm  and  shows  maxima  for  these  lines  at  2300  gauss. 

Conclusions 
It  can  be  concluded  fi^om  this  study  of  the  magnetic  field  effects  on  the  emission 
intensity  fi^om  the  microcavity  HCD  that  the  two-field  dependent  factors,  electron 
temperature  and  radial  diffusion  of  the  electron  are  both  acted  upon  simultaneously  and 
opposite  to  each  other  by  the  applied  magnetic  field.  The  electron  temperature  increases 
with  magnetic  field,  whereas  there  is  an  increase  in  radial  diffusion  of  the  electron  with 
increasing  magnetic  field.  Therefore,  a  maximum  in  emission  intensity  does  occur  at  a 
certain  field  strength  and  this  maximum  is  dependent  upon  the  energy  of  the  upper  state  of 
the  analytical  line.  Since  there  is  no  substantial  advantage  in  using  a  very  high  magnetic 
field  strength,  it  might  be  appropriate  to  use  permanent  magnets  which  tend  to  have 
sufficient  field  to  produce  the  positive  effect  of  magnetic  field  on  atomic  emission 
intensity.  Use  of  a  permanent  magnet  will  facilitate  a  compact  discharge  design,  which  is 
one  of  the  goals  of  the  present  research.  In  the  next  chapter,  a  compact  magnetically- 
boosted  glow  discharge  device  is  designed  which  used  permanent  magnets  as  a  source  of 
magnetic  field. 


CHAPTERS 
CYLINDRICAL  MAGNETRON  GLOW  DISCHARGE  PLASMA 

Design  of  a  Cylindrical  Magnetron  Source 

With  the  preliminary  success  of  the  enhancement  of  atomic  emission  intensities  by 

using  an  electromagnet,  the  second  phase  of  the  present  research  was  to  design  a  compact 

magnetically-boosted  microcavity  hollow  cathode  discharge  for  AES  and  evaluate  its 

spectroscopic  performance  by  observing  the  effect  of  the  magnetic  field  on  the  atomic 

emission  of  the  sputtered  cathodic  material.  Magnesium  in  aluminum  alloy  was  chosen  as 

the  model  analyte  for  these  studies.  If  there  was  substantial  enhancement  in  the  intensity 

output  of  atomic  emission  in  the  presence  of  the  magnetic  field,  then  the  application  of  this 

design  could  be  extended  to  the  analysis  of  microliter  volume  aqueous  samples.  Permanent 

magnets  are  ideal  for  this  application  since  they  usually  have  sufficient  magnetic  field  to 

affect  the  discharge.'^'  Therefore,  neodymium-iron-boron  permanent  magnets  were  used 

to  apply  a  magnetic  field  which  had  a  magnetic  field  of  about  500  gauss  on  their  surface. 

Each  magnet  had  a  diameter  of  6.25  mm  and  thickness  of  6.25  mm.  The  magnets  were 

embedded  inside  the  cathode  body  surrounding  the  microcavity  hollow  as  shown  in  Figure 

5-1.  This  configuration  is  known  as  a  cylindrical  magnetron  and  it  is  widely  employed  in 

thin  film  processing  industries  for  rapid  deposition  of  a  film,  as  briefly  discussed  in  chapter 

3.  The  magnets,  along  with  the  microcavity  hollow  cathode,  were  covered  with  a  heat 

shrunk    Teflon     sleeve.     The     sleeve     prevented     the     attack     of    the     discharge 
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on  the  magnets.  A  microcavity  hollow  cathode  made  from  aluminum  alloy  (NIST  #  5183) 
containing  4.54  %  magnesium  was  employed  and  used  to  observe  the  effect  of  the 
magnetic  field  on  the  atomic  emission  of  magnesium.  The  magnets  were  placed  opposite 
to  each  other  with  opposite  polarity  which  resulted  in  a  magnetic  flux  passing 
perpendicularly  to  the  axis  of  the  microcavity  HCD.  Various  other  configurations  were 
attempted.  These  included,  (i)  arranging  the  magnets  along  the  axis  of  the  microcavity 
hollow  cathode  so  as  to  have  the  magnetic  field  parallel  to  the  axis,  (ii)  arranging  four 
pairs  of  the  magnets  such  that  two  pairs  give  the  magnetic  field  parallel  and  other  two 
pairs  give  the  magnetic  field  perpendicular  to  the  cathode  axis,  etc.  However,  the  only 
configuration,  as  shown  in  Figure  5-1,  which  resulted  in  observable  enhancement  of  the 
emission  intensity,  is  discussed  in  the  following  paragraphs. 

The  same  quartz  glow  discharge  chamber  and  the  experimental  set  up  that  was 
previously  used  to  evaluate  the  magnetically-boosted  microcavity  hollow  cathode 
discharge  was  used  here.  A  discharge  current  of  28  mA  was  applied. 

Application  of  the  magnetic  field  using  the  permanent  magnets  resulted  in  a  bright        , 
discharge  within  the  microcavity  compared  to  the  one  without  the  magnetic  field.  There 
was,  however,  no  observable  effect  of  magnetic  field  on  the  positive  column  of  the 
discharge,  as  opposed  to  the  situation  when  the  magnetic  field  was  applied  using  the  ' '"^ 

electromagnet,  discussed  in  the  preceding  chapter.  This  was  due  to  the  localized  nature  of 
the  magnetic  field  of  the  permanent  magnets  which  were  relatively  closer  to  the  discharge 
inside  the  microcavity  than  the  positive  column;  also  there  was  insufficient  magnetic  field 
strength  to  affect  the  positive  column. 
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Figure  5-2  shows  the  pressure  dependence  of  magnesium  emission  at  285.2  nm 
from  the  magnetically-boosted  microcavity.  The  data  for  the  emission  intensity  of 
magnesium  in  the  absence  of  the  magnetic  field  are  shown  by  the  dotted  line.  At  higher 
pressures  (>  6  torr),  there  was  no  appreciable  enhancement  of  atomic  emission  caused  by 
the  presence  of  the  magnetic  field.  When  the  pressure  was  gradually  reduced  below  6  torr 
and  down  to  1  torr,  there  was  a  2  to  3  times  enhancement  of  atomic  emission  intensity  by 
the  presence  of  magnetic  field.  Below  1  torr  of  argon  pressure,  the  emission  intensity 
decreased  with  decreasing  pressure  in  the  presence  of  the  magnetic  field.  The  emission 
intensity  without  the  magnetic  field  did  not  change  as  much  as  that  in  the  presence  of  the 
magnetic  field  when  the  pressure  was  decreased. 

Charge  Transport  Processes  in  the  Microcavity  HCD 

The  observed  dependence  of  the  atomic  emission  intensity  on  pressure  in  the 
presence  of  the  magnetic  field  can  be  explained  by  considering  the  charge  transport 
processes  inside  the  MCHC. 

In  a  hollow  cathode,  the  radial  charge  transport  is  primarily  by  mobility  and 
diffijsion.  The  radial  electron  flux  Per  is  given  by'^^ 

r^,  =  -H^E,n^-D,-^  (5-1) 

where  //^  and  A  are  electron  mobility  and  electron  difiusion  coeflHcient,  respectively;  Er  is 

the  radial  component  of  the  electric  field,  and  — ^  is  the  radial  electron  number  density 

dr 

In  a  HCD,  most  of  the  applied  potential  is  carried  by  the  cathode  layer  and  thus  the 

negative  glow  does  not  bear  much  of  the  electric  potential.  In  other  words,  the  negative 

glow  is  quasi-neutral.^"  Under  quasi-neutral  conditions,  difiusion  is  ambipolar  in  order  to 


Figure  5-2  :  Dependence  of  atomic  emission  of  magnesium  on  the  discharge  pressure. 
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maintain  electrical  neutrality  of  the  negative  glow.  The  ambipolar  diffusion  coefficient,  Da 
is  dependent  on  the  diffusion  coefficients  of  electrons  and  positive  ions  which  is  expressed 
as" 

D^=tiD,±MA  (5.2) 

Electron  mobility  is  much  greater  than  the  ion  mobility  due  to  the  lighter  mass  of  the 
former.  Also,  mobility  of  a  charged  particle  is  directly  proportional  to  its  diffusion 
coefficient  and  inversely  proportional  to  its  kinetic  temperature,  thus,  equation  (5-2)  is 
simplified  as 

D^^Di+^D,=Di(\  +  h  (5-3) 

where  Tg  and  7,  are  the  electron  and  ion  kinetic  temperatures,  respectively. 

The  ambipolar  diffusion  coefficient  of  argon  gas  at  1  torr  is  on  the  order  of  3.0  x 
10  cm  /s.  In  the  presence  of  a  magnetic  field,  ions  and  electrons  precess  in  circular 
orbits  around  the  magnetic  field  axis.  The  orbital  radius  or  Larmor  radius  R  is 

qB  qB  ^      ' 

where  v  is  initial  velocity  of  the  particle  of  charge  q  and  mass  m,  B  is  the  magnetic  field  in 
gauss  and  c  is  the  speed  of  light,  and  k  is  the  Boltzmann  constant. 

In  the  presence  of  the  magnetic  field,  charged  particles  orbit  at  a  frequency  given 
in  terms  of  the  cyclotron  frequency  co ,  is 

qB 
co  =  ^  (5-5) 

mc 

The  magnetic  field  thus  traps  electron  in  circular  orbits,  and  the  rates  of  all  transport 
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processes  (mobility,  diffusion,  etc.)  perpendicular  to  the  magnetic  field  are  reduced,  since 
electrons  can  cross  field  lines  only  by  collision. 

Electron  mobility  and  ambipolar  diffusion  coefficients  in  the  presence  of  a 
magnetic  field  are  given  by  the  following  equations.  '^ 

^'eB= TTT-  (5-6) 

DaB  =        ^2  /   2  (5-7) 

where  v  is  the  electron-atom  collision  fi-equency  (s"')  given  by  the  following  equation  : 

v  =  3.64x10-^/;^-^  (5-8) 

and  A  =  l.24x\0^{-^y'^  (5-9) 

«e  .  . 

where  Tg   is  the  electron  temperature  (K)  and  «« is  the  electron  number  density  (cm'^) 

At  lower  argon  pressures,  the  electron-atom  collision  fi-equency  v  is  much  less 

than  the  electron  cyclotron  fi-equency  co.    Therefore, 


^aB      MeB        V 

Since  the  collision  frequency  is  proportional  to  gas  pressure  P  and  the  cyclotron 
fi-equency  is  proportional  to  field  strength  B.  ^^* 

"^mI)'  (5-11) 


DaB       P 


The  term  {B/F)  is  called  the  reduced  field  strength.      For  a  hollow  cathode 
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discharge,  the  electron  collision  frequency,  v,  is  on  the  order  of  3  x  10^  x  P  s''  (pressure  P 
is  in  torr).'^"  For  500  G  of  field  strength,  equation  (5-5)  gives  cOg  =  1.4  x  10^5"^ . 

Table  5-1  lists  the  values  of  ambipolar  diffusion  coeflBcients  in  the  field  free  case 
and  in  the  presence  of  magnetic  field  as  calculated  from  equation  (5-10)  with  the  use  of 
1.4  X  10  X  271  for  CO.  Thus,  for  a  given  value  of  D^,  the  ambipolar  diffusion  coefficient  in 
the  presence  of  the  magnetic  field,  Dob  is  dependent  on  the  square  of  the  ratio  of  gas 
pressure  to  field  strength.  Therefore,  in  order  to  reduce  the  ambipolar  diffusion  in  a 
magnetic  field,  one  has  to  either  reduce  the  pressure  or  to  increase  the  field  strength.  As  is 
evident  from  Table  5-1,  the  ambipolar  diffusion  coefficient  is  reduced  approximately  an 
order  of  magnitude  by  applying  the  magnetic  field  at  a  pressure  of  1  torr.  On  the  other 
hand,  there  is  no  substantial  reduction  in  the  ambipolar  diffusion  coeflBcient  at  higher 
pressures  even  in  the  presence  of  the  magnetic  field.  In  other  words,  electrons  are  more 
efficiently  'trapped'  (or  their  residence  time  is  prolonged)  at  lower  pressures  than  at  higher 
pressures.  Recall  also  that  electrons  influence  the  excitation  of  sputtered  atoms.  It  can  be 
justified,  therefore,  that  the  trapped  electrons  at  lower  argon  pressures  give  higher  atomic 
emission  intensities,  while  at  higher  gas  pressures  (>  6  torr),  where  collisional  losses  are 
prevalent,  the  enhancement  in  the  emission  intensity  of  magnesium  is  not  significant.  Other 
implications  of  the  greater  enhancement  factor  at  lower  discharge  pressures  could  be  the 
higher  sputtering  rates  of  the  cathode  at  these  pressures.  The  higher  sputtering  rate  may  be 
due  to  greater  ionization  of  the  argon  gas  atoms  caused  by  the  trapped  electrons. 
However,  it  remains  unexplained  whether  this  enhancement  is  due  to  the  greater 
sputtering  rates  or  higher  degree  of  excitation  due  to  greater  collisional  frequency  between 
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Table  5-1  :  Relationship  between  the  ambipolar  diffusion  coefficient  and  the  discharge 
pressure 


Pressure  (torr) 

D,(ciii^s*) 

DaB(cin's') 

1 

3.0x10^ 

271 

2 

1.5x10^ 

476 

3 

1.0x10^ 

511 

4 

7.5x10^ 

488 

5 

6.0x10^ 

448 

6 

5.0x10^ 

403 

8 

4.3  x  10^ 

379 

10 

3.0x10^ 

275 

„-^ 
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I. 

the  electrons  and  the  analyte  atoms  at  lower  pressures  in  the  presence  of  the  magnetic 
field.  These  resuUs  are  consistent  with  the  resuhs  reported  for  cylindrical  magnetron  glow 
discharge  in  which  the  magnetic  field  was  applied  to  the  hollow  cathode  of  conventional 
dimension  by  Sacks  and  coworkers.'^'*  However,  no  analytical  application  of  the  discharge 
was  investigated  in  their  studies. 

A  plot  of  the  ratio  of  intensities  of  the  magnesium  emission  with  and  without  the 
magnetic  field  versus  the  ratio  of  ambipolar  diffusion  coefficients  in  absence  of  magnetic 
field  to  that  in  the  presence  of  the  magnetic  field  is  shown  in  Figure  5-3.  A  straight  line 
with  correlation  coefficient  of  0.989  was  obtained.  This  plot  explains  the  observed 
dependence  of  magnesium  atomic  emission  intensity  on  the  pressure  and  the  ambipolar 
diffusion  coeflBcient. 

At  pressures  lower  than  0.5  torr,  the  emission  signal  began  to  drop.  This  is 
attributed  to  insufficient  magnetic  field  exerted  by  the  permanent  magnets  on  the 
discharge,  which  resuhs  in  lower  cyclotron  fi-equency  of  the  electrons  and  hence  shorter 
electron  pathlengths.  Consequently,  there  was  less  probability  of  ionization  of  argon  atoms 
at  lower  pressure  which  eventually  resuhed  in  an  unstable  discharge. 

Limitations  of  Quartz  Chamber  Design 

For  the  cylindrical  magnetron  configuration,  it  was  necessary  to  use  stronger 
permanent  magnets  with  higher  field  strengths  to  operate  the  discharge  at  the  lowest 
possible  pressure  since  lower  pressure  is  beneficial  for  the  atomic  emission  intensity 
enhancement  as  discussed  in  the  preceding  section.  Stronger  permanent  magnets  often 
have  larger  dimensions  which  makes  it  difficult  to  introduce  them  into  the  small  size  quartz 
discharge  chamber  used  in  this  study.  Moreover,  the  demountable  assembly  that  was  used 
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Figure  5-3  :  Relation  between  the  emission  intensity  of  magnesium  and  ambipolar 

diffusion  coefficient. 
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here  was  made  from  inner  and  outer  tapered  joints.  These  joints  do  not  allow  a  high 
vacuum  condition.  Often  times,  it  was  observed  that  as  the  cathode  became  hot,  the  outer 
tapered  joint  of  the  chamber  expanded  causing  leaks  in  the  discharge  chamber.  This 
resulted  in  a  higher  background  emission  from  molecular  gases  entering  through  the  leaks. 
The  cathode  was  cooled  by  winding  a  Tygon  tube  circulating  chilled  water  around  these 
joints.  This  helped  to  cool  the  cathode  to  some  extent,  however,  at  discharge  currents 
above  50  mA  this  cooling  method  was  inefficient.  Thus,  it  was  not  possible  to  operate  the 
discharge  at  higher  currents  in  this  study  using  the  quartz  chamber.  Overheating  of  the 
cathode  also  caused  the  loss  of  magnetic  properties  of  the  permanent  magnets.  Therefore, 
no  optimization  of  discharge  current  was  conducted.  It  is  commonly  observed  that  higher 
emission  signals  are  attained  at  higher  operating  currents  as  a  result  of  increased  sputtering 
rates.^^' 

Conclusions  ■ 

The  design  of  the  miniature  magnetically-boosted  microcavity  hollow  cathode 
discharge  for  AES  resulted  in  an  enhancement  of  the  atomic  emission  intensity  up  to  about 
a  factor  of  three.  The  enhancement  of  the  emission  intensity  output  was  dependent  on  the 
pressure.  Reduced  pressure  of  the  fill  gas  lowered  the  ambipolar  difiusion  coeflBcient  in 
the  magnetic  field  which  helped  to  eflSciently  trap  the  electrons  inside  the  microcavity. 
Collision  of  the  sputtered  analyte  with  the  trapped  electrons  resulted  in  the  enhancement 
in  emission  intensity  of  the  analyte. 

Discharge  currents  higher  than  50  mA  could  not  be  used  since  it  caused 
overheating  of  the  cathode.  As  a  result,  there  were  leaks  in  the  glow  discharge  chamber. 
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The  leaks  prevented  operation  of  the  discharge  at  lower  pressures  which  were  necessary 
to  obtain  increased  enhancement  in  the  emission  intensity  output. 

Although  the  smaller  size  of  the  discharge  chamber  helped  to  minimize  the  dilution 
of  the  analyte  vapor,  its  use  prevented  the  application  of  higher  magnetic  fields  using 
bigger  permanent  magnets,  which  tend  to  have  stronger  magnetic  field  strengths.  Magnets 
with  higher  magnetic  field  strengths  are  desirable  in  order  to  substantially  reduce  the 
ambipolar  diffusion  coeflBcient.  Therefore,  there  is  always  a  trade  off  that  has  to  be  made 
between  the  size  of  the  discharge  chamber  and  the  use  of  strong  permanent  magnets.  A 
new  design  of  a  magnetically-boosted  glow  discharge  is  necessary  in  order  to  obtain  a 
better  enhancement  factor. 
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CHAPTER  6 
PLANAR  MAGNETRON  GLOW  DISCHARGE 

Strategy  for  Design  of  a  Planar  Magnetron  Glow  Discharge 

To  circumvent  the  limitations  posed  by  the  quartz  chamber  outlined  in  the  last 

chapter,  it  was  decided  to  construct  a  stainless  steel  chamber.  Certain  points  were  kept  in 

mind  while  designing  the  glow  discharge  chamber.  First,  it  was  decided  to  keep  the 

volume  of  the  chamber  as  small  as  practically  possible  in  order  to  minimize  the  dilution  of 

the  atomic  vapor  of  the  sputtered  analytes.  At  the  same  time,  it  was  desired  that  the  size  of 

the  chamber  be  big  enough  to  easily  insert  the  array  of  the  relatively  larger  permanent 

magnets  so  as  to  have  a  higher  magnetic  field  strength  at  the  cathode  surface.  Second,  it 

was  imperative  that  the  cathode  be  cooled  efficiently  in  order  to  prevent  demagnetization 

of  the  magnets  and  also  to  facilitate  the  operation  of  the  discharge  at  higher  currents. 

Third,  the  necessity  for  a  demountable  cathode  assembly  was  recognized,  which  would 

facilitate  ease  of  interconnection  of  a  vacuum.  A  demountable  cathodic  assembly  would 

allow  rapid  deposition  of  the  liquid  samples  and  the  residues  which  could  be  subsequently 

measured  by  atomic  emission  spectroscopy.  Fourth,  it  was  decided  to  monitor  the  pressure 

inside  the  glow  discharge  chamber  by  placing  a  pressure  gauge  on  the  chamber.  In  the 

earlier  version  of  the  quartz  glow  discharge  chamber,  the  pressure  was  measured  on-line 

and  there  was  always  a  pressure  gradient  at  the  point  where  the  pressure  gauge  was  placed 

and  the  location  where  the  glow  discharge  was  formed.  Accurate  measurements  of  the 

pressure  inside  the  chamber  were  necessary  because  of  the  pressure  sensitivity  of  the 
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atomic  emission  intensity,  as  discussed  in  the  previous  chapter.  Finally,  it  was  preferable  to 
dry  the  deposited  liquid  samples  using  an  infra-red  lamp  which  is  known  to  give  a  film  of 
completely  dry  residue.  While  using  the  cathode  assembly  employing  a  quartz  inner  taper 
joint,  it  was  reported  that  the  quartz  joints  were  warped  when  the  IR  lamp  overheated  the 
joints,  therefore,  the  sample  was  dried  by  a  stream  of  nitrogen."'*  However,  it  was 
suspected  that  some  sample  was  lost  by  this  procedure. 

Description  of  Planar  Magnetron  Design 

The  challenge  in  designing  of  the  magnetically-boosted  glow  discharge  chamber 
was  to  build  a  chamber  as  small  as  possible  but  one  where  it  should  be  possible  to 
introduce  large  magnets  into  the  chamber  easily. 

Figure  6-1  shows  a  schematic  diagram  of  the  stainless  steel  chamber  designed  in 
this  study.  Three  2.34"  Conflat™  vacuum  flanges  were  stacked  on  each  other  with  Viton 
0-rings  between  two  flanges.  A  quartz  optical  window  on  a  flange  was  placed  at  the  end 
of  the  stack.  This  formed  a  chamber  with  inner  diameter  of  1.25"  and  3"  in  length.  The 
inlet  and  outlet  for  the  flow  of  the  buffer  gas  through  the  chamber  were  provided  on  two 
flanges.  An  outlet  for  the  gas  to  a  vacuum  was  provided  near  the  quartz  window  so  that 
the  sputtered  material  would  be  swept  out  to  the  vacuum  before  it  would  deposit  on  the 
quartz  window.  A  vacuum  gauge  (Varian  Type  0531)  probe  was  placed  on  the  middle 
flange  which  was  capable  of  reading  between  0  to  1  torr  using  a  vacuum  gauge  meter 
(Varian  801).  Two  pressure  gauges  were  connected  on-line  to  obtain  coarse 
measurements  of  the  pressure.  The  stainless  steel  chamber  was  wrapped  with  a  heating 
tape  in  order  to  minimize  deposition  of  moisture  on  the  inside  walls  of  the  chamber.  The 
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chamber  was  clamped  with  laboratory-constructed  clamps  and  raised  to  the  height  of  the 
entrance  slit  of  the  monochromator. 

The  cathodic  assembly  was  fabricated  using  a  NW40  vacuum  flange.  A  water- 
cooled  backing  chamber  was  welded  through  the  NW40  flange.  Figure  6-2  shows  a 
detailed  design  of  the  cathode  and  Table  6-1  gives  the  construction  details  of  the  design.  A 
3  mm  outer  diameter  brass  tube  passing  through  the  flange  served  as  an  electrical  feed- 
through.  A  stack  of  neodymium-iron-boron  ring  magnets  was  placed  on  a  cold  drawn 
stainless  steel  pole  piece,  which  was  placed  on  a  thin  disk  of  a  ceramic  insulator  fixed  to 
the  water-cooled  chamber  with  nylon  countersunk  screws.  The  use  of  a  pole  piece  resulted 
in  a  higher  flux  density  at  the  cathode  surface.  A  stack  of  samarium-cobalt  magnets  was 
placed  concentric  to  the  outer  ring  magnets.  The  stack  of  central  disk  magnets  was 
enclosed  in  a  stainless  steel  sleeve  in  order  to  keep  the  outer  and  inner  magnets  fi^om 
touching  each  other.  The  Nd-Fe-B  magnets  are  usually  demagnetized  above  150°  C 
whereas  Sm-Co  magnets  are  magnetically  stable  up  to  250°  C.  The  stack  of  Sm-Co 
magnets  was  slightly  protruding  above  the  surface  of  the  ring  magnets.  This  way  only 
samarium-cobalt  magnets  directly  touched  the  cathode  and  prevented  overheating  of  the 
Nd-Fe-B  ring  magnets.  Electrical  contact  to  the  cathode  was  made  on  the  edge  of  the 
cathode  with  a  tiny  screw.  A  Teflon  sleeve  covered  the  entire  cathode  and  magnet 
assembly.  A  Teflon  adhesive  tape  was  wound  on  the  electrical  contact  to  avoid  any  arcing. 
The  entire  cathodic  assembly,  including  the  cathode,  was  cooled  by  chilled  water 
circulating  through  the  backing  chamber.  A  center  ring  with  a  Viton  0-ring  was  placed 
between  the  chamber  and  the  cathode  assembly,  which  were  then  clamped  together  with 
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Table  6-1  :  Details  of  the  planar  magnetron  cathode  assembly 


Cathode  Aluminum  disk:  30.0  mm  in  diameter,  4.0  mm  thick 

i. 

Anode  Stainless  steel  chamber  (grounded) 

Inner  Magnets       Samarium-Cobalt  rare  earth  disk  magnets:  Each  magnet  has  a  12.7  mm 
diameter  and  12.7  mm  thickness 


Outer  Magnets      Neodymium-Iron-Boron  ring  magnets:  Each  with  inner  diameter  of 
16.0  mm,  outer  diameter  of  30.0  mm  and  the  thickness  of  10.0  mm. 

Pole  piece  Cold-drawn  steel  disk;  30.0  mm  diameter  and  3.0  mm  thick 


■;  . 


Insulator  Macor™  ceramic  disk;  30.0  mm  diameter  and  1.6  mm  thick. 
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an  aluminum  'quick'  clamp  with  a  wing  nut  closure  to  achieve  a  vacuum. 

This  design  could  attain  a  vacuum  as  low  as  25  millitorr.  The  stainless  steel 
chamber  was  electrically  grounded,  which  served  as  anode.  The  cathode  was  a  high  purity 
aluminum  disk  (99.995  %)  which  was  placed  on  the  magnet  assembly.  The  total  volume  of 
the  chamber  was  approximately  60  mL,  which  was  in  fact  smaller  than  the  glow  discharge 
chamber  made  from  quartz  that  was  used  in  the  earlier  studies. 

General  Plasma  Features 

At  all  pressures  in  the  range  from  2  torr  to  0.05  torr,  a  stable  ring  shaped  plasma 
was  observed  (Figure  6-3).  This  plasma  ring  was  very  intense  and  extended  a  few  mm 
above  the  cathode  surface.  The  cathode  dark  space  was  very  narrow  and  it  was  difficult  to 
visually  observe.  The  positive  column  was  very  short  in  length  thus,  it  was  not  observed. 
The  plasma  ring  had  a  diameter  of  approximately  20  mm  and  its  thickness  was  about  1 
mm.  The  thickness  of  the  plasma  ring  was  relatively  independent  of  the  pressure  between 
pressures  from  0.05  torr  to  2  torr.  A  sputter  track  was  clearly  observed  on  the  location 
where  the  plasma  ring  resided  near  the  cathode  surface  and  its  dimensions  were  close  to 
the  dimensions  of  the  plasma  ring.  For  pressures  less  than  0.05  torr,  the  plasma  ring 
became  unstable  and  eventually  extinguished.  On  the  other  hand,  for  pressures  higher  than 
2  torr,  there  was  no  plasma  ring  formation,  and  the  glow  discharge  was  seen  to  be 
uniformly  spread  over  the  entire  surface  of  the  cathode. 

In  the  absence  of  the  magnetic  field,  the  discharge  was  uniformly  distributed  on  the 
cathode  surface  (Figure  6-4).  The  discharge  was  stable  from  the  argon  pressure  of  1  torr 
to  10  torr.  However,  below  1  torr,  the  discharge  was  erratic  and  moved  around  the  glow 


Figure  6-3  :  Magnetron  glow  discharge 
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Figure  6-4  :  Glow  discharge  without  the  magnetic  field 
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discharge  chamber.  Since  there  was  no  localization  of  the  discharge  in  the  absence  of  the 
magnetic  field,  no  sputter  track  was  observed.  The  intensity  of  the  discharge  without  the 
presence  of  the  magnetic  field  was  visually  observed  to  be  less  than  the  discharge  formed 
in  the  presence  of  the  magnetic  field. 

Measurements  of  the  Magnetic  Field  Strength 

Measurement  of  the  magnetic  field  on  the  surface  of  the  cathode  was  carried  out 
by  scanning  the  surface  with  a  gaussmeter  probe.  Figure  6-5  shows  a  plot  of  the  magnetic 
field  strength  on  the  surface  of  the  cathode  versus  the  distance  along  the  diameter  of  the 
cathode. 

Both  Sm-Co  disk  magnets  and  Nd-Fe-B  ring  magnets  had  very  high  flux  densities 
at  the  surface  of  the  cathode  and  each  of  these  magnets  produced  a  peak  field  strength 
above  600  gauss.  When  used  individually,  either  type  of  the  magnet  did  not  cause  the 
formation  of  a  plasma  ring  at  any  pressure.  The  magnetic  field  was  relatively  weak  at  the 
edges  of  the  cathode  because  the  outer  ring  magnets  had  lower  field  strengths  at  the  edges 
and  also  because  these  magnets  were  held  slightly  below  the  surface  of  the  cathode  as 
compared  to  the  Sm-Co  magnets.  Similarly,  the  field  at  the  center  of  the  cathode  was  not 
high  since  the  Sm-Co  magnet  placed  at  the  center  had  a  lower  magnetic  flux  density  at  its 
center.  When  the  combination  of  the  ring  magnets  and  the  disk  magnets  concentric  to  each 
other  with  opposite  polarity  was  used,  a  peak  field  up  to  800  gauss  was  obtained.  The 
opposite  polarity  of  the  magnets  placed  behind  the  cathode  caused  the  curved  magnetic 
lines  to  pass  through  the  cathode  surface.  The  maxima  in  the  magnetic  field  strength  was 
observed  exactly  between  the  inner  edge  of  the  disk  magnets  and  the  outer  edge  of  the 
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Figure  6-5  :  Magnetic  field  profile  on  the  cathode  surface. 
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ring  magnets.  The  plasma  ring  was  localized  exactly  at  the  locus  of  the  peak  field  strength. 

The  formation  of  the  plasma  is  attributed  to  the  increase  in  the  electron  path-length 
in  the  presence  of  the  magnetic  field.  In  the  presence  of  curved  magnetic  field  lines, 
ExB  drift  motion  of  the  electrons  parallel  to  the  cathode  surface  results  and  the  drift 
motion  takes  the  form  of  closed  loops.  This  results  in  an  increase  in  the  effective  electron 
path-length  and  a  corresponding  increase  in  the  ionization  of  the  plasma  gas  by  electron- 
impact  with  high  kinetic  energy  electrons.  The  electrons  with  circular  trajectories  are 
confined  to  the  regions  of  greatest  magnetic  field  strength  which  leads  to  ionization  of  the 
gas  atoms  forming  the  plasma  ring  (see  Figure  6-6). 

Voltage-Current  Characteristics  of  the  Planar  Magnetron  Glow  Discharge  'hjp 


The  current  and  voltage  characteristics  of  the  glow  discharge  were  studied  with 
and  without  the  presence  of  the  magnetic  field.  In  Figure  6-7  the  plots  comparing  the 
current  vohage  characteristics  of  the  planar  magnetron  glow  discharge  are  seen.  For  both 
cases  (with  and  without  magnetic  field),  an  argon  pressure  of  0.25  torr  was  used.  With  the 
magnetic  field,  a  current  of  140  mA  was  attained  by  applying  an  electrical  potential  of 
2000  V.  On  the  other  hand,  without  the  magnetic  field,  a  voltage  of  2000  V  resulted  in  a 
discharge  current  of  only  20  mA.  This  can  be  explained  in  terms  of  difference  in  the  degree 
of  ionization  of  the  buffer  gas  in  the  two  cases.  In  the  presence  of  the  magnetic  field,  the 
increased  electron  path-length  near  the  cathode  surface  results  in  an  increased  coUisional 
frequency  between  the  electrons  and  the  buffer  gas  atoms.  The  fast  electrons  ionize  the 
gas  atoms  and  provide  a  higher  population  of  the  positive  ions.  As  a  result,  stable 
operation  of  the  discharge  is  possible  in  the  presence  of  the  magnetic  field  even  at  low 
pressures.  When  no  magnetic  field  is  present,  the  electron  path-length  is  shorter  and  thus 
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Figure  6-6  :  Side  view  of  the  planar  magnetron  glow  discharge  source 
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Figure  6-7  :  Current  voltage  characteristics  of  the  glow  discharge  in  the  presence  of 
and  in  the  absence  of  the  magnetic  field. 
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there  is  less  probability  of  an  electron-atom  collision.  In  order  to  obtain  stable  operation  of 
the  plasma,  there  should  be  sufficient  population  of  gas  ions.  High  energy  electrons  are 
necessary  to  obtain  a  suflBcient  gas  ion  population  in  the  absence  of  the  magnetic  field. 
The  electron  energy  can  be  increased  by  increasing  the  cathode  fall  potential  or  simply  the 
voltage  across  the  electrodes.  Therefore,  in  order  to  sustain  the  glow  discharge  at  lower 
pressures  in  the  absence  of  the  magnetic  field,  higher  applied  potentials  are  required.  In 
commercial  instruments,  a  power  supply  with  a  moderate  vohage  output  is  preferred  since 
it  is  inexpensive  and  safe  to  use.  One  of  the  advantages  of  using  the  planar  magnetron 
design  is  that  one  can  attain  a  high  discharge  current  by  applying  a  much  lower  potential. 

Figure  6-8  shows  plots  of  current  versus  voltage  observed  at  different  argon 
pressures  in  the  presence  of  the  magnetic  field.  It  is  evident  fi-om  these  plots  that  a  low 
electrical  potential  (<  500  V)  was  needed  to  operate  the  discharge  at  the  lower  pressures 
to  obtain  a  sufficiently  high  discharge  current.  As  seen  from  these  plots,  higher  gas 
pressures  require  higher  voltages  to  attain  the  same  magnitude  of  the  discharge  current. 
This  is  attributed  to  the  coUisional  losses  predominant  at  higher  pressures.  To  attain  the 
same  value  of  the  discharge  current  at  higher  pressures,  collisional  loss  of  electron  energy  • ; 

has  to  be  compensated  by  increasing  the  cathode  fall  potential  in  order  to  have  the  same  ■  W 

degree  of  ionization  of  the  gaseous  atoms  that  was  attained  at  lower  pressures.  However,   ^ 
the  voltage  attained  by  the  discharge  to  obtain  similar  magnitudes  of  the  discharge  current 
at  the  pressure  of  0.1  torr  is  slightly  higher  than  the  corresponding  voUages  at  0.25  torr.  '■"•; 

This  is  attributed  to  the  lack  of  sufficient  magnetic  field  strength  to  cause  the  same  degree  , 

of  ionization  at  0. 1  torr  as  compared  to  the  ionization  attained  at  0.25  torr. 


Figure  6-8  :  Current-voltage  characteristics  of  the  magnetron  glow  discharge  at 

various  gas  pressures. 
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It  is  important  to  compare  discharge  current  densities  in  the  presence  of  the 
magnetic  field  and  in  the  absence  of  the  magnetic  field.  When  the  magnetic  field  was 
applied  to  the  cathode,  the  plasma  ring  formed  had  an  area  of  about  0.54  cm^,  and  in  the 
absence  of  the  magnetic  field,  the  discharge  was  spread  over  the  entire  surface  of  the 
cathode  which  was  approximately  7  cm^.  This  gave  a  current  density  of  the  discharge  of 
300  mA/cm^  (assuming  most  of  the  discharge  current  is  carried  by  the  plasma  ring)  in  the 
presence  of  the  magnetic  field  as  opposed  to  only  23  mA/cm^  when  the  discharge  was 
operated  in  the  absence  of  the  magnetic  field.  Since  the  sputter  rate  is  linearly  proportional 
to  the  current  density  of  the  discharge,  it  resulted  in  a  higher  concentration  of  the 
sputtered  atoms  in  the  glow  discharge  in  the  presence  of  the  magnetic  field. 

Operation  of  the  discharge  at  lower  pressures  has  several  advantages  over  the 
discharge  operated  at  higher  pressures.  As  explained  in  chapter  2,  higher  pressure  usually 
causes  90  to  95  %  redeposition  of  the  sputtered  cathodic  material.  This  results  in  lower 
sputtering  yields  at  higher  pressures.  A  lower  pressure  also  minimizes  the  concentration  of 
contaminants  such  as  water  vapor  and  other  molecular  gases  in  the  discharge,  which  cause 
spectroscopic  and  chemical  interference  with  the  analytes.'^'  At  these  relatively  high 
pressures,  the  coUisional  mean  fi^ee  paths  of  the  electrons  and  the  buflfer  gas  ions  are 
generally  too  short  for  these  particles  to  acquire  kinetic  energy  corresponding  to  the  fiill 
cathode  fall  potential.  ^^  Thus,  collisional  scattering  causes  a  distribution  of  the  kinetic 
energy  of  the  bombarding  ions  and  a  lower  sputtering  yield  at  higher  pressures. ''''''^^ 
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Atomic  Emission  of  the  Cathodic  Material 

In  these  experiments,  the  strategy  was  to  evaluate  the  planar  magnetron  glow 
discharge  for  atomic  emission  from  the  sputtered  cathodic  material  (aluminum)  and 
compare  the  emission  intensities  observed  with  and  without  the  magnetic  field  present 
under  identical  conditions.  However,  it  was  observed  that  the  discharge  was  unstable  for 
pressures  below  0.5  torr  in  the  absence  of  the  magnetic  field;  the  best  signal-to- 
background  ratio  was  observed  at  the  pressure  of  2  torr  without  the  magnetic  field  being 
present.  The  current  applied,  however,  was  125  mA  in  both  cases.  At  currents  higher  than 
125  mA,  the  discharge  resulted  in  arcing  without  the  presence  of  a  magnetic  field.  On  the 
other  hand,  the  discharge  was  very  stable  up  to  250  mA  in  the  presence  of  the  magnetic 
field;  it  was  not  possible  to  increase  the  current  above  250  mA  because  of  the  limitation  of 
the  voltage  output  offered  by  the  power  supply. 

In  these  studies,  the  cathode  emission  was  observed  end-on,  and  the  image  of  the 
discharge  was  focused  on  the  monochromator  entrance  slit  through  a  lens  and  an  iris.  The 
rest  of  the  experimental  set-up  remained  the  same  as  discussed  in  chapter  4.  In  the 
presence  of  the  magnetic  field,  an  arc  of  the  plasma  ring  was  focused  on  the  entrance  slit 
and  the  rest  of  the  plasma  ring  circumference  was  blocked  by  the  iris  to  reduce  the  stray 
light  in  the  monochromator.  '      k.Ti,;.' 

Spectra  comparing  the  atomic  emission  of  aluminum  at  394.60  and  396.15  nm 
observed  with  the  aluminum  cathode  glow  discharge  with  and  without  a  magnetic  field  are 
shown  in  Figure  6-9.  An  order  of  magnitude  improvement  in  S/B  was  seen  when  the 
discharge  was  operated  in  the  magnetron  mode.  Again,  greater  improvement  in  the  S/B 


f  v^'f 


Figure  6-9  :  Atomic  emission  of  aluminum  from  the  glow  discharge  with  and  without 

the  magnetic  field. 
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would  have  been  expected  if  the  discharge  could  be  operated  at  higher  currents  in  the 
presence  of  a  magnetic  field.  These  results  clearly  demonstrated  the  capability  of  the 
magnetron  glow  discharge  for  the  analysis  of  the  liquid  samples. 

The  idea  at  the  beginning  of  this  work  was  to  apply  the  magnetic  field  using 
permanent  magnets  placed  behind  the  cathode  and  then  drill  a  microcavity  on  the  planar 
cathode.  Liquid  samples  deposited  at  the  bottom  of  the  microcavity  would  have  the 
influence  of  a  higher  magnetic  field  because  the  trapped  electrons  in  the  microcavity  would 
facilitate  a  higher  degree  of  excitation  or  sputtering  of  the  deposited  analyte.  However,  it 
was  found  that,  in  the  presence  of  the  magnetic  field,  the  discharge  did  not  enter  the 
microcavity,  resulting  in  no  sputtering  of  the  sample  that  was  deposited  at  the  bottom  of 
the  microcavity.  This  segment  of  the  study  was  carried  out  at  different  argon  pressures.  At 
pressures  lower  than  1  torr,  the  discharge  did  not  enter  the  microcavity,  while  it  did  seem 
to  enter  at  pressures  above  1  torr.  These  results  were  consistent  with  the  results  reported 
by  Mixon  et  al.'",  in  that  a  steady  operation  of  a  microcavity  HCD  was  possible  at  a 
condition  when  the  product  of  the  diameter  of  the  microcavity  and  the  discharge  pressure 
reached  a  constant  value  of  0.55  torr-cm.  Thus,  for  the  present  study,  where  the  diameter 
of  the  microcavity  was  0.15  cm,  a  pressure  of  3.66  torr  was  needed  to  allow  the  discharge 
to  enter  the  microcavity  hollow  cathode.  At  pressures  above  1  torr,  however,  there  was  no 
formation  of  the  plasma  ring,  for  the  reasons  explained  in  the  previous  chapters.  A 
preliminary  study  was  also  conducted  using  a  hollow  cathode  with  a  diameter  of  4  mm. 
Aqueous  sample  of  copper  was  deposited  inside  the  bottom  of  this  hollow  cathode  and  it 
was  subjected  to  sputtering  in  the  planar  magnetron  mode.  No  substantial  improvement  in 
the  signal  to  background  was  noticed  because  the  diameter  of  the  hollow  cathode  was  too 
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large  so  that  no  advantage  of  the  hollow  cathode  effect  was  seen.  Therefore,  the  idea  of 
using  a  microcavity  sputtered  in  the  planar  glow  discharge  mode  was  abandoned.  Instead, 
a  depression  3  mm  in  diameter  and  about  1  mm  deep  was  made  on  the  sputter  track  (see 
Figure  6-10)  on  the  aluminum  planar  cathode  which  allowed  the  sample  to  be  held  in 
place. 

Experiments  were  initiated  with  the  atomic  emission  of  magnesium  solution 
residue  deposited  in  the  depression.  In  the  presence  of  the  magnetic  field,  the  discharge 
was  operated  at  0.25  torr  and  without  the  presence  of  the  magnetic  field,  the  operating 
pressure  was  2  torr.  Figure  6-11  shows  the  spectra  observed  fi^om  an  aqueous  solution 
residue  containing  600  ng  of  magnesium.  Comparison  of  the  atomic  emission  of 
magnesium  at  285.2  nm  showed  about  an  order  of  magnitude  enhancement  in  the  signal- 
to-background  ratio  with  the  application  of  the  magnetic  field  in  these  preliminary 
investigations.  Optimization  of  the  discharge  conditions  was  necessary  in  order  to 
compare  the  results  for  the  two  cases  without  any  bias. 

Optimization  of  the  Discharge  Parameters 

Optimization  of  the  discharge  current  and  pressure  was  conducted  for  magnesium 
solution  residue  for  the  discharge  with  and  without  the  magnetic  field.  At  a  particular 
pressure,  the  atomic  emission  of  a  solution  residue  containing  100  ng  of  magnesium  was 
observed  for  various  discharge  currents.  The  procedure  was  repeated  for  various  pressures 
since  the  glow  discharge  current  and  pressure  are  interdependent.  The  optimization  results 
for  magnesium  emission  at  285.2  nm  in  the  presence  of  the  magnetic  field  are  shown  in 
Figure  6-12.  For  each  data  point,  the  samples  were  run  three  times  and  the  average  was 
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Figure  6-10  :  Schematic  diagram  of  the  sampling  of  the  solution  on  the  magnetron 

glow  discharge  cathode. 
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Figure  6-11:  Comparison  of  atomic  emission  of  600  ng  of  magnesium  solution 
residue  from  the  glow  discharge  with  and  without  the  magnetic  field. 
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Figure  6-12  :  Optimization  of  the  discharge  current  and  pressure  for  atomic  emission 
of  magnesium  residue  from  the  magnetron  glow  discharge. 
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taken.  The  error  bars  are  not  shown  in  these  plots  for  the  sake  of  simplicity.  The  precision 
(%  relative  standard  deviation)  was  between  15  to  25  %  for  these  experiments.  The  best 
net  signal  (the  signal  above  the  background)  was  observed  for  150  mA  for  all  pressure 
values  and  it  seemed  to  increase  with  increasing  current  as  a  fimction  of  the  square  of  the 
discharge  current.  Discharge  currents  higher  than  250  mA  could  not  be  applied  because  of 
inefficient  cooling  of  the  cathode  and  due  to  the  limiting  voltage  output  of  the  power 
supply.  With  a  better  cooling  method  and  a  high  voltage  power  supply  offering  greater 
voltage  output,  it  should  be  possible,  however,  to  gain  a  higher  enhancement  of  the  signal 
output  in  the  presence  of  the  magnetic  field.  In  thin  film  deposition  processing,  where  the 
planar  magnetron  glow  discharge  finds  most  applications,  currents  as  high  1  A  are 
fi-equently  employed,  however,  the  discharge  chamber  employed  has  much  larger  size  than 
the  design  constructed  in  this  study.  The  larger  size  of  the  chamber  allows  for  efficient 
cooling  in  the  commercial  planar  magnetron  glow  discharge  sources  used  for  thin  film 
deposition. 

The  best  net  signal  was  observed  at  0.5  torr  of  argon  pressure.  At  pressures  0.75 
torr  and  above,  the  current  density  decreased  with  increasing  the  pressure  due  to  lesser 
ionization  of  the  plasma  gas  atoms  in  the  presence  of  the  magnetic  field,  as  discussed 
previously.  At  pressures  lower  than  0.25  torr,  there  was  inefficient  trapping  of  the 
electrons  due  to  insufficient  magnetic  field  strength.  At  times,  molecular  bands  were 
observed  originating  fi-om  leaks  in  the  discharge  chamber  when  the  discharge  was 
operated  at  pressures  lower  than  0.25  torr.  These  leaks  caused  further  deterioration  of  the 
S/B  due  to  a  higher  background.  It  is  important  note  fi-om  these  plots  that  the  net  signal 
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was  very  sensitive  to  pressure.  Often  times  it  was  found  that,  just  by  changing  the  pressure 
0. 1  torr  above  or  below  the  optimum  value,  there  was  a  drastic  change  in  the  magnitude  of 
the  net  signal. 

For  the  glow  discharge  without  the  magnetic  field,  the  emission  increased  linearly 
with  discharge  currents  up  to  150  mA  and  currents  higher  than  150  mA  caused  arcing  of 
the  discharge.  As  far  as  pressure  was  concerned  for  the  glow  discharge  without  the 
magnetic  field,  the  net  signal  for  magnesium  remained  fairly  constant  fi-om  1  to  3  torr  and 
pressures  higher  than  this  range  caused  little  change  in  the  emission  signal. 

Preliminary  investigations  of  the  atomic  emission  signal  for  several  elements 
showed  a  similar  pressure  sensitivity;  and  for  each  element,  the  optimum  pressure  seemed 
to  be  between  0.5  to  1  torr  for  the  planar  magnetron  source,  and  for  the  discharge  without 
the  magnetic  field,  the  best  signal  was  observed  for  pressures  in  the  vicinity  of  2  torr.    ,  , 

Figure  6-13  compares  the  temporal  profile  of  the  atomic  emission  of  a  100  ng 
solution  residue  deposited  on  the  cathode  of  the  glow  discharge  with  and  without  the 
magnetic  field.  The  temporal  profile  of  the  atomic  emission  of  boron  fi-om  the 
magnetically-boosted  glow  discharge  clearly  indicated  that  the  emission  signal  reached  the 
background  when  the  discharge  was  operated  for  about  20  seconds.  On  the  other  hand, 
the  atomic  emission  fi-om  the  discharge  without  the  magnetic  field  did  not  reach  the 
baseline  even  when  the  discharge  was  left  on  for  more  than  25  seconds.  The  cathode 
became  extremely  hot  whenever  the  discharge  was  operated  for  more  than  20  seconds, 
therefore,  its  operation  for  longer  period  was  avoided.  The  sharper  temporal  profile  of  the 
atomic  emission  of  boron  from  the  magnetically-enhanced  glow  discharge  is  attributed  to  a 
near  complete  atomization  of  the  analyte  through  the  sputtering  process.  The  incomplete 
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Figure  6-13  :  Temporal  profile  of  atomic  emission  of  100  ng  residue  of  boron 
solution  in  the  presence  of  and  in  the  absence  of  the  magnetic  field. 
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atomization  of  the  analyte  from  the  discharge  without  the  magnetic  field  could  be  due  to 
the  following  reasons.  Without  the  presence  of  the  magnetic  field,  there  is  a  relatively 
lower  degree  of  ionization  of  the  fill  gas  atoms  which  would  result  in  ineflBcient 
atomization  through  sputtering  of  the  analyte.  Another  reason  for  this  effect  could  be  the 
fact  that  higher  discharge  pressures  were  needed  to  operate  the  discharge  and  these  higher 
pressures  usually  lead  to  redeposition  of  the  sputtered  analyte  on  the  cathode  surface. 
Comparison  of  Calibration  Curves  and  Limits  of  Detection  of  Some  Elements 

In  order  to  compare  the  limits  of  detection  (LODs)  of  several  elements  from  the 
glow  discharge  in  the  presence  of  the  magnetic  field  to  the  results  obtained  from  the 
discharge  without  the  magnetic  field,  calibration  curves  were  plotted  for  these  elements. 
For  the  planar  magnetron  glow  discharge,  an  argon  pressure  of  0.75  torr  and  a  discharge 
current  of  150  mA  was  employed.  For  the  discharge  in  the  absence  of  the  magnetic  field, 
an  argon  gas  pressure  of  2  torr  and  a  discharge  current  of  150  mA  was  used.  These  were 
chosen  as  compromised  experimental  conditions  since  it  was  a  goal  of  this  research  to 
show  the  potential  of  the  magnetically-boosted  glow  discharge  technique  for  simultaneous 
multi-elemental  analysis  of  solution  residue.  , 

Calibration  curves  of  five  elements  were  constructed  for  the  glow  discharge  with 
and  without  the  magnetic  field.  Due  to  the  memory  effect  from  the  residual  sample  from 
the  preceding  run  of  measurements,  the  cathode  was  cleaned  with  20  %  high  purity  ultra-  , 
trace  metal  grade  nitric  acid  by  wiping  the  electrode  with  a  cotton  tip  applicator.  The 
electrode  was  then  washed  with  high  purity  water  and  dried  under  an  IR  lamp,  after  which 
it  was  ready  for  the  next  measurement.  The  above  procedure  was  repeated  between  each 
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measurement.  This  cleaning  method   was  very  efficient  in  removing  the  deposits  of  the 

samples  from  the  previous  runs  and  no  observable  signal  was  noticed  from  the  blank  runs 

after  the  electrode  was  cleaned.  The  results  of  the  calibration  curves  are  shown  in  Figures 

6-14  to  6-18  on  the  following  pages  for  magnesium,  silver,  boron,  europium  and  copper, 

respectively. 

The  blank-limited  detection  limits  for  these  elements  were  calculated  by  taking 

three  times  the  standard  deviation  (3o)  of  seven  blank  measurements.  For  background 

limited  detection  limits,  standard  deviations  of  the  background  for  10  diodes  next  to  the 

analytical  line  were  taken  and  they  were  calculated  by  taking  three  times  these  standard 

deviations. 

■-'•■■     -'     -J  .  U  ■ 

Tables  6-2  and  6-3  list  the  blank-limited  LODs  and  background-limited  LODs  for 

these  elements,  respectively.  In  general,  the  standard  deviations  in  blank  and  background 

were  slightly  higher  for  the  glow  discharge  without  the  magnetic  field.  This  is  attributed  to 

the  lesser  stability  of  the  discharge  in  the  absence  of  the  magnetic  field.  For  some  elements 

the  LODs  (both  the  background  and  the  blank  limited)  are  lower  for  the  plasma  with  the 

magnetic  field  by  up  to  40  times  than  the  LODs  obtained  with  the  discharge  without  the 

magnetic  field.  On  the  other  hand,  the  LODs  for  other  elements  are  lower  by  a  factor  of  3 

to  5  than  those  calculated  for  the  plasma  without  the  magnetic  field.  Again,  the  lower 

difference  in  the  LODs  for  these  elements  is  attributed  to  the  compromised  experimental 

conditions  used  while  performing  the  measurements  for  calibration  curves.  As  discussed 

previously,  the  S/B  ratio  for  these  elements  is  found  be  extremely  sensitive  to  the 

operating  pressure.  Therefore,  if  the  parametric  evaluation  is  conducted  for  each  element 

individually,  then  at  least  an  order  of  magnitude  lower  LODs  should  be  expected  for  the 
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Figure  6-14  :  Calibration  curves  of  magnesium  solution  residue  from  the  glow 
discharge  with  and  without  the  magnetic  field. 
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Figure  6-15  :  Calibration  curves  of  silver  solution  residue  from  the  glow  discharge 

with  and  without  the  magnetic  field. 
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Figure  6-16  :  Calibration  curves  of  boron  solution  residue  from  the  glow  discharge 

with  and  without  the  magnetic  field. 
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Figure  6-17  :  Calibration  curves  of  europium  from  the  glow  discharge  with  and 

without  the  magnetic  field. 
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Figure  6-18  :  Calibration  curves  of  copper  from  the  glow  discharge  with  and  without 

the  magnetic  field. 


,  v^ 


151 


6000 


5000- 


4000- 


3000 


2000- 


1000- 


8 


C/5 


'^  50000 


40000  - 


30000  - 


20000  - 


10000  - 


500 


600 


80        120 
Mass  of  Copper  (ng) 


W'<> 


:  ^ 


152 


Table  6-2  :  Comparison  of  Limits  of  Detection  (3abi»nk)  for  the  glow  discharge  with  and 
without  the  magnetic  field. 


Element 

Wavelength 
(nm) 

LOD 

Without  Magnetic  Field 
(ng) 

LOD 

With  Magnetic  Field 
(ng) 

Magnesium 

285.21 

97.9 

1 

4.5 

Silver 

328.07 

4.1 

0.8 

Boron 

249.77 

12.2 

1.7 

Copper 

324.75 

41.3 

1.0 

Europium 

462.72 

680 

200 

.  /    ■' ' 
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Table  6-3  :  Comparison  of  Limits  of  Detection  (3obackground)  for  the  glow  discharge  with 
and  without  the  magnetic  field. 


Element 

Wavelength 
(nm) 

LOD 

Without  Magnetic  Field 

(ng) 

LOD 

With  Magnetic  Field 
(ng) 

Magnesium 

285.21 

48.3 

4.5 

Silver 

328.07 

2.7 

0.5 

Boron 

249.77 

4.8 

2.6 

Copper 

324.75 

49.6 

2.4 

Europium 

462.72 

42.0 

13.0 

<■■•■<• 
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system  with  the  magnetic  field.  Higher  discharge  currents  were  found  to  be  favorable  for 
the  discharge  with  the  magnetic  field.  However,  inefficient  cooling  did  not  remove  the 
heat  generated  while  operating  the  discharge  at  higher  currents  and  thus,  prevented  the 
operation  of  the  discharge  at  higher  currents.  For  all  these  elements,  the  LODs  were 
calculated  by  conducting  the  measurements  with  end-on  observation  of  the  atomic 
emission.  The  end-on  observation  resulted  in  a  higher  background  emission  fi-om  the 
cathode.  An  attempt  was  made  to  observe  the  atomic  emission  side-on,  however,  it  was 
difficult  to  precisely  reposition  the  image  of  the  discharge  on  the  entrance  slit  of  the 
monochromator  every  time  the  analysis  was  performed.  Consequently,  a  %  RSD  as  high 
as  50  %  was  noted.  If,  however,  a  proper  design  is  developed  where  repositioning  the 
cathode  would  not  result  in  poor  precision,  then  observing  the  plasma  side-on  would  give 
a  lower  background  emission  from  the  cathode,  resuhing  in  still  lower  LODs  for  the  glow 
discharge  with  the  magnetic  field. 

Simultaneous  Multi-elemental  Analysis  of  Nanoliter  Aqueous  Samples 
One  of  the  goals  of  this  research  was  to  demonstrate  that  the  magnetically- 
enhanced  glow  discharge  has  a  potential  for  determining  the  trace  muhi-elements 
simultaneously  fi-om  nanoliter  volumes  of  liquid  samples.  A  mixture  of  solutions 
containing  200  ng  of  copper  and  silver  each  was  deposited  on  the  cathode  and  the  mixture 
was  analyzed  with  the  glow  discharge  with  and  without  the  magnetic  field.  For  the 
magnetically-coupled  discharge,  an  argon  pressure  of  0.75  torr  was  used.  A  pressure  of  2 
torr  was  employed  for  the  discharge  without  the  magnetic  field.  The  discharge  pressure 
for  each  case  was  a  compromised  condition  for  such  analyses.  For  both  cases,  the 
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discharge  current  was  150  mA.  The  monochromator  was  set  at  328.0  nm,  therefore,  it  was 
possible  to  observe  the  atomic  emissions  in  the  range  from  318.0  to  338.0  nm.  Figure  6-19 
compares  the  atomic  emission  spectra  obtained  from  the  corresponding  discharges.  The 
atomic  emissions  of  copper  at  324.75  and  327.40  nm  were  simultaneously  seen  with  the 
atomic  emission  of  silver  at  328.07  nm.  Atomic  and  ionic  lines  of  argon  are  seen  in  these 
spectra.  With  the  magnetically-enhanced  glow  discharge,  the  emission  signals  of  Cu  (I)  at 
324.75  nm  and  Ag  (I)  at  328.07  nm  saturated  the  photodiode  array  detector.  A  greater 
S/B  of  these  atomic  emissions  from  the  magnetron  glow  discharge  was  observed.  This 
fiirther  demonstrates  the  enhanced  sensitivity  of  the  magnetically-boosted  glow  discharge 
over  that  of  the  discharge  without  the  magnetic  field  for  trace  analysis  of  nanoliter  volume 
samples.  Although  only  two  elements  were  registered  in  these  spectra  when  the  PDA  with 
a  spectral  window  of  20  nm  was  used,  it  should  be  possible  to  analyze  more  elements  by 
AES  if  a  multi-channel  detector  such  as  a  charged  coupled  device  (CCD)  or  a  charge 
injection  device  (CID)  which  can  register  the  atomic  emission  from  the  UV  to  the  visible 
range  was  employed  for  these  analyses.  Such  a  detector  was  not  available  in  this 
laboratory. 

Conclusions 
The  compact  design  of  the  magnetron  glow  discharge  shows  a  strong  analytical 
potential  as  a  source  for  simuhaneous  multi-elemental  analysis  of  nanoliter  samples  by 
atomic  emission  spectroscopy.  The  sensitivity  of  the  magnetically-enhanced  glow 
discharge  is  greater  than  the  conventional  source.  The  limits  of  detection  for  five  elements, 
europium  (a  rare-earth  element),  copper,  silver  (transition  metals),  boron  (a  metalloid), 
and  magnesium  (a  volatile  element)  from  the  magnetically-coupled  glow  discharge  were  3 


Figure  6-19  :  Comparison  of  the  atomic  emission  spectra  for  the  multi-elemental  analysis 
from  the  glow  discharge  with  and  without  the  magnetic  field. 
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to  40  times  lower  than  for  the  glow  discharge  source  without  the  magnetic  field  when  the 
compromised  conditions  for  each  discharge  were  used.  The  better  sensitivity  of  the 
boosted  discharge  is  attributed  to  the  formation  of  a  localized  discharge  in  the  form  of  a 
ring  which  resides  on  the  locus  of  the  maximum  magnetic  field  strength  on  the  cathode 
surface.  The  plasma  ring  formed  in  the  presence  of  the  magnetic  field  has  a  higher  current 
density  than  the  system  without  the  magnetic  field.  As  a  result,  there  is  greater  sputtering 
of  the  cathodic  material  and  the  analytes  fi-om  such  a  discharge.  The  discharge  was 
operable  fi^om  0.25  torr  to  1  torr  where  the  plasma  ring  is  formed.  A  pressure  above  1  ton- 
did  not  result  in  the  enhancement  of  the  emission  signal  when  the  magnetic  field  was 
applied.  Both  the  discharges,  with  and  without  magnetic  field,  could  be  operated  up  to 
1 50  mA  of  discharge  current  without  overheating  the  cathode,  however,  the  discharge 
without  the  magnetic  field  was  unstable  above  150  mA.  From  150  to  250  mA,  the 
discharge  with  the  magnetic  field  was  quite  stable,  but  resulted  in  overheating  of  the 
cathode.  The  magnetically-boosted  discharge  could  not  be  operated  above  250  mA  due  to 
the  limited  vohage  output  of  the  power  supply.  A  higher  discharge  current  is 
advantageous  in  that  greater  sputtering  rates  are  possible  which  resuh  in  greater  sensitivity 
of  the  system.  A  more  efficient  cooling  system  should  be  designed  such  that  the 
magnetically-boosted  glow  discharge  could  be  operated  with  the  discharge  current  as  high 
as  possible,  at  the  same  time  keeping  the  volume  of  the  discharge  chamber  as  small  as 
practically  feasible. 

If  the  optimized  discharge  conditions  for  the  discharges  with  and  without  the 
magnetic  field  are  used  for  each  element  with  a  higher  current  (>  200  mA),  then  it  may  be 
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possible  to  attain  detection  limits  up  to  two  orders  of  magnitude  lower  than  for  the 
discharge  without  the  magnetic  field.  The  higher  background  emission  from  the  cathode 
was  a  limiting  factor  which  further  prevented  a  possibly  higher  sensitivity  fi'om  emissions 
in  the  discharge.  Instead  of  viewing  the  discharge  end-on,  as  was  done  in  the  present  case, 
if  it  could  be  viewed  side-on  so  that  the  background  emission  could  be  greatly  reduced, 
then  it  may  be  possible  to  further  enhance  the  sensitivity  of  the  boosted  glow  discharge. 


CHAPTER? 
CONCLUSIONS  AND  FUTURE  WORK 


Glow  discharge  sources  have  found  a  wide  range  of  applications  in  atomic 
emission  spectroscopy  as  atomization  and  excitation  sources.  The  limited  emission 
intensity  output  of  the  source  for  trace  analysis  has  been  well  recognized.  The  research 
describe  in  this  dissertation  has  successfully  demonstrated  that  a  magnetic  field  source 
could  be  employed  as  a  method  to  enhance  the  emission  intensity  of  the  glow  discharge 
source. 

Three  types  of  magnetically-boosted  glow  discharge  sources  have  been  designed 
and  developed  for  atomic  emission  spectroscopy.  A  microcavity  hollow  cathode  discharge 
device  was  magnetically  coupled  where  the  discharge  was  placed  between  the  poles  of  an 
electromagnet.  The  emission  intensity  of  a  100  ng  copper  solution  residue  resulted  in  an 
enhancement  in  the  emission  intensity  by  a  factor  of  three.  However,  the  precision  of  the 
measurement  was  above  30%.  Therefore,  the  effect  of  magnetic  field  on  the  emission 
intensities  of  sputtered  cathodic  material  was  attempted  which  gave  a  precision  of  about 
2%.  The  intensity  of  atomic  emission  of  copper,  aluminum  and  ionic  emission  of 
magnesium  increased  with  applied  magnetic  field  until  a  maximum  in  intensity  was 
reached.  A  further  increase  in  the  magnetic  field  strength  resulted  in  decrease  in  the 
emission  intensities.  Attainment  of  the  emission  intensity  maxima  with  increasing  magnetic 
field  strength  was  attributed  to  two  magnetic  field  dependent  factors  which  act 
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simultaneously  but  opposite  to  each  other  on  the  discharge.  These  factors  were:  electron 
temperature  and  electron  number  density  along  the  hollow  cathode  axis.  Using  the 
semicorona  model,  it  was  shown  that  the  electron  temperature  increases  and  electron 
number  density  decreases  with  increasing  magnetic  field  strength.  Therefore,  a  maximum 
in  emission  intensity  was  observed  for  each  element  studied. 

A  compact  cylindrical  magnetron  was  designed  as  a  magnetically-boosted 
microcavity  glow  discharge  source  in  which  rare  earth  permanent  magnets  where 
embedded  inside  the  body  of  a  microcavity  hollow  cathode  but  surrounding  the 
microcavity.  The  performance  of  this  device  was  evaluated  by  observing  the  emission 
intensity  of  the  magnesium  atomic  emission  line  at  285.2  nm  in  the  presence  of  the 
magnetic  field  and  the  results  were  compared  with  those  obtained  without  the  magnetic 
field.  The  emission  intensity  of  magnesium  was  studied  as  a  fiinction  of  pressure  and  there 
was  an  enhancement  in  the  emission  intensity  by  a  factor  of  three  for  the  cylindrical 
magnetron  over  the  field  fi^ee  case.  The  pressure  dependence  of  atomic  emission  intensity 
in  the  presence  of  the  magnetic  field  was  attributed  to  a  reduction  of  the  charge  transport 
processes  in  terms  of  the  ambipolar  diffusion  coefiBcient  in  the  presence  of  magnetic  field. 
This  attribution  was  substantiated  by  correlating  the  ratio  of  emission  intensities  fi-om  the 
discharge  with  and  without  the  magnetic  field  and  that  of  the  ambipolar  diffusion 
coefficients  with  and  without  the  magnetic  field,  which  gave  a  correlation  coefficient  of 
0.989. 

The  quartz  glow  discharge  chamber  posed  several  limitations:  overheating  of  the 
chamber  at  higher  discharge  currents,  which  would  not  allow  for  optimization  of  the 
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discharge  current;  and  a  smaller  chamber  size  prevented  introduction  of  larger  permanent 
magnets,  which  tend  to  have  higher  magnetic  field  strengths.  A  higher  magnetic  field 
strength  would  be  beneficial  for  operating  the  discharge  at  lower  pressures  and  the  lower 
pressures,  in  turn,  were  found  to  show  greater  enhancement  in  the  emission  intensity.  The 
presence  of  molecular  bands  in  the  vicinity  of  analytical  lines  was  attributed  to  leaks  that 
originated  when  the  discharge  overheated  the  cathode-chamber  joint.  The  weak  magnetic 
field  and  leaks  in  the  chamber  prevented  operation  of  the  discharge  at  lower  pressures.  A 
chamber  with  a  larger  size  would  alleviate  these  limitations. 

A  miniature  planar  magnetron  glow  discharge  was  designed  in  which  a  pair  of 
permanent  rare-earth  magnets  with  opposite  polarities  was  placed  behind  an  aluminum 
cathode.  This  arrangement  formed  curved  magnetic  field  lines  which  helped  to  trap  the 
discharge  electrons  in  a  circular  path  parallel  to  the  cathode  surface.  The  trapped  electrons 
caused  increased  ionization  of  the  fill  gas  atoms  which  resulted  in  greater  sputtering  of  the 
analyte  deposited  on  the  cathode  surface  and  the  cathodic  material. 

The  glow  discharge  in  the  presence  of  the  magnetic  field  was  stable  over  a 
pressure  range  of  0.25  to  10  torr.  Between  0.25  and  1  torr,  the  discharge  was  seen  in  the 
form  of  plasma  ring.  The  plasma  ring  was  stable  up  to  250  mA  and  discharge  currents 
higher  than  this  value  could  not  be  applied  due  to  the  voltage  output  limitation  of  the 
power  supply  used  in  these  studies.  At  discharge  currents  greater  than  150  mA,  the 
magnetically-coupled  discharge  overheated  the  cathode.  Although  the  cooling  method  was 
relatively  efficient  compared  to  the  method  employed  when  the  quartz  glow  discharge  was 
used  for  the  earlier  studies,  a  more  efficient  cooling  technique  should  be  employed 
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allowing  for  a  current  as  high  as  possible  to  be  applied  without  overheating  the  cathode.  In 
the  absence  of  the  magnetic  field,  the  discharge  was  stable  fi^om  1  torr  to  10  torr  for  a 
discharge  up  to  150  mA.  A  discharge  current  higher  than  150  mA  resulted  in  arcing. 

Nanoliter  volumes  of  aqueous  samples  were  measured  with  the  glow  discharges 
with  and  without  the  magnetic  field.  The  magnetically-boosted  glow  discharge  resulted  in 
LODs  lower  by  3  to  40  times  over  the  LODs  obtained  fi-om  the  glow  discharge  without 
the  magnetic  field  when  the  measurements  were  conducted  under  the  compromised 
conditions  for  each  type  of  the  discharge.  The  compromised  conditions  were  used  in  order 
to  show  the  potential  of  the  magnetically-boosted  glow  discharge  for  simuhaneous  multi- 
elemental  trace  analysis  of  the  nanoliter  volume  samples.  The  magnetically-enhanced  glow 
discharge  source  showed  greater  sensitivity  when  the  simultaneous  multi-elemental 
analysis  was  performed.  Although  only  two  elements  could  be  analyzed  simultaneously  in 
this  preliminary  study,  it  should  be  possible,  however,  to  analyze  many  elements 
simultaneously  if  a  proper  detection  system  such  as  CCD  or  CID  are  utilized.  Such 
detection  devices  were  not  available  in  this  laboratory. 

Future  Directions 

In  addition  to  designing  a  more  efficient  method  for  cooling  the  cathode  and 
employing  a  multi-channel  detection  device,  pulsing  the  discharge  should  improve  upon 
the  sensitivity.  A  pulsed  glow  discharge  minimizes  self-absorption  since  pulsing  the 
discharge  does  not  contribute  to  overheating  the  cathode  as  it  usually  does  for  a  d.c 
discharge.'^' 
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The  effect  of  fill  gases  on  the  sensitivity  of  the  current  technique  might  be  an 
interesting  study.  Helium  is  known  to  have  a  higher  excitation  potential  as  compared  to 
argon  and  it  also  has  a  less  complex  background  emission  than  argon.  In  conventional 
glow  discharges,  however,  helium  is  not  the  fill  gas  of  choice  since  it  contributes  lower 
sputtering  yields  owing  to  its  lighter  mass  as  compared  to  argon.  Since  the  planar 
magnetron  shows  a  substantial  sputtering  rate,  use  of  helium  in  a  magnetically-enhanced 
glow  discharge  might  be  beneficial  fi"om  the  excitation  point  of  view. 

A  planar  cathode  glow  discharge  is  not  a  self-sufficient  excitation  source.  Laser 
excitation  of  the  sputtered  material  (analyte)  in  atomic  fluorescence  may  prove  to  be  an 
excellent  technique  for  ultra  trace  analysis  of  nanoliter  volume  liquid  samples.  Dashin  et 
al."*  have  successfixlly  demonstrated  the  application  of  the  planar  glow  discharge  for  the 
direct  analysis  of  solid  samples  by  laser  excited  atomic  fluorescence  spectrometry  in  which 
detection  limits  less  than  10  ng/g  of  lead  in  copper,  silica  in  germanium,  indium  and 
gallium  in  silicon  were  attained.  However,  their  discharge  device  was  not  as  compact  as 
the  one  employed  in  these  studies,  therefore,  the  smaller  design  used  in  the  present  studies 
may  be  a  useful  atomization  source  for  laser  excited  AFS. 

Analysis  of  nonconducting  solids  by  glow  discharge  spectroscopy  is  usually 
performed  by  mixing  the  sample  with  a  conducting  matrix  such  as  copper  or  silver 
powder.  The  sample  preparation  for  such  analyses  are  often  time  consuming. 
Alternatively,  radiofrequency  glow  discharge  spectroscopy  is  employed  for  analyzing 
nonconducting  samples.  However,  this  technique  suffers  fi"om  lower  sputtering  yields.  A 
planar  magnetron  radiofi^equency  glow  discharge  seems,  therefore,  to  be  an  ideal 
technique  for  direct  analysis  of  nonconducting  samples  since  the  magnetron  mode  of 
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operation  results  in  an  increased  sputtering  yield.  In  thin  film  technology,  radiofi^equency 
planar  magnetrons  are  commonly  employed  for  rapid  deposition  of  nonconducting  films 
on  substrates.  "^"*^*  Not  only  the  solids  but  nonconducting  liquids  such  as  oils  can  also  be 
measured  directly  by  RF  planar  magnetron  glow  discharge  atomic  spectroscopy. 
Measurement  of  halogens,  particularly  in  a  matrix  like  oil,  is  a  great  challenge  to  analytical 
chemists  today.  Even  the  successful  techniques  such  as  ICP-MS  have  poor  detection  limits 
for  measurements  of  fluorine  in  analytical  samples  due  to  the  lower  ionization  efficiencies 
for  halogens  by  the  inductively  coupled  plasma.'^*  Oil  samples  could  be  deposited  on  the 
cathode  surface  and  could  be  measured  by  RF  magnetron  glow  discharge  spectroscopy. 

Another  area  which  can  be  explored  involves  coupling  planar  magnetron  glow 
discharge  (either  D.C.  or  RF)  to  a  mass  spectrometer  and  analyzing  the  deposited  liquid 
samples.  Sacks^  group  has  had  great  success  in  this  hyphenated  technique  for  solids 
analysis. 

One  of  the  major  limitations  of  the  planar  magnetron  miniature  glow  discharge 
developed  in  this  study  was  a  higher  background  emission  fi^om  the  cathode  when  the 
discharge  was  observed  end-on.  A  ceramic  post  positioned  at  the  center  of  the  cathode 
may  reduce  the  background  emission.  Similarly,  the  emission  just  fi'om  the  plasma  ring 
could  be  observed  using  a  ceramic  plate  with  a  circular  slit  positioned  opposite  to  the 
cathode  surface  at  a  particular  distance.  This  arrangement  should  greatly  reduce  the 
background  emission  from  the  cathode.  The  signal  could  be  collected  on  the  aperture  of 
an  interferometer  where  a  higher  S/B  could  be  obtained. 
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